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ABSTRACT
T h is  t h e s i s  p r e s e n t s  an e m p i r i c a l  a n a l y s i s  o f  t h e  d e p th  cue o f  m o tio n  
p a r a l l a x .  The h i s t o r y  o f  r e s e a r c h  i n  t h i s  a r e a  i s  d e s c r i b e d  and some 
r e c e n t  c o m p u ta t io n a l  m odels  a r e  o u t l i n e d  w hich show t h a t  p a r a l l a x  
i n f o r m a t i o n  can  t h e o r e t i c a l l y  p r o v id e  a c c u r a t e  i n f o r m a t io n  a b o u t  t h e  
d e p th  s t r u c t u r e  o f  th e  e n v i ro n m e n t .  I n  c o n t r a s t  to  p r e v io u s  e m p i r i c a l  
w ork , which f a i l e d  to  d e m o n s t r a t e  t h a t  m o tion  p a r a l l a x  c o u ld  be u sed  
e f f e c t i v e l y ,  t h e  e x p e r im e n ts  r e p o r t e d  i n  t h i s  t h e s i s  show t h a t  i t  can  
be an a c c u r a t e  s o u rc e  o f  i n f o r m a t io n  ab o u t  d e p th  s t r u c t u r e .  The 
c h a r a c t e r i s t i c s  o f  th e  p r o c e s s i n g  u n d e r ly in g  th e  u se  of  m o tio n  
p a r a l l a x  were i n v e s t i g a t e d .  S e n s i t i v i t y  to  d e p th  s u r f a c e s  s p e c i f i e d  
by r e l a t i v e  m o tion  was h i g h ,  and i t  v a r i e d  as a f u n c t i o n  of th e  
s p a t i a l  r a t e  of change o f  d e p th .  M oreover, th e  s e n s i t i v i t y  f u n c t i o n  
was s i m i l a r  to  t h a t  m easu red  f o r  s t e r e o s c o p i c  d e p th  s u r f a c e s .  The 
f i n d i n g  of  c l o s e  s i m i l a r i t i e s  be tw een  m o tion  p a r a l l a x  and s t e r e o s c o p i c  
d e p th  was a m ajor  theme of  t h e  t h e s i s .  S tro n g  n e g a t i v e  a f t e r e f f e c t s  
f o l lo w e d  p ro lo n g e d  v ie w in g  of d e p th  s u r f a c e s  s p e c i f i e d  by e i t h e r  cue 
a n d ,  i n  a d d i t i o n ,  l a r g e  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  were a l s o  fo u n d .  
H e re ,  t h e  p e r c e iv e d  d e p th  of  one a r e a  was a f f e c t e d  by th e  d e p th  of th e  
s u r r o u n d in g  a r e a .  These f i n d i n g s  s u g g e s t  t h a t  d e p th  p r o c e s s i n g  from  
b o th  p a r a l l a x  and s t e r e o p s i s  i n v o lv e s  e x t e n s i v e  s p a t i a l  i n t e r a c t i o n s .  
A model of d e p th  p r o c e s s i n g  was s u g g e s te d  where th e  b a s i c  m echanism s 
had e x te n d e d  r e c e p t i v e  f i e l d s  which e x t r a c t e d  changes  i n  d e p th ,  
s p e c i f i e d  e i t h e r  by r e l a t i v e  m o tio n  o r  d i s p a r i t y ,  a c r o s s  l o c a l  a r e a s .  
The p r e s e n c e  o f  a n i s o t r o p i e s  i n  th e  p e r c e p t i o n  of d e p th  s u r f a c e s  
showed t h a t  t h e r e  was a d i f f e r e n t i a l  s e n s i t i v i t y  to  p a r t i c u l a r  l o c a l  
p a t t e r n s  of r e l a t i v e  m o tio n  o r  d i s p a r i t y ,  w hich m igh t be due to  an 
a sy m m e tr ic  o r g a n i s a t i o n  w i t h i n  d e p th  r e c e p t i v e  f i e l d s .  F i n a l l y ,  t h e  
m o tio n  p a r a l l a x  and s t e r e o s c o p i c  d e p th  p r o c e s s in g  sy s tem s  w ere  found  
t o  i n t e r a c t ,  i n d i c a t i n g  t h a t  i n f o r m a t io n  from  th e  two s o u r c e s  m ig h t  
come t o g e t h e r  a t  some s t a g e .  O v e r a l l ,  t h e  e m p i r i c a l  f i n d i n g s  
e m phas ised  th e  im p o r ta n c e  of e x t r a c t i n g  i n f o r m a t io n  a b o u t  t h e  l o c a l  
s t r u c t u r e  of d e p th  s u r f a c e s  r a t h e r  th a n  th e  d e p th s  of  i n d i v i d u a l  
p o i n t s .
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C h a p te r  1 G e n e ra l  T h e o r e t i c a l  Background î
The im p o r ta n c e  o f  v i s i o n  to  an o rgan ism  l i e s  in  i t s  a b i l i t y  to  ^ 
p r o v id e  i n f o r m a t io n  a b o u t  p r e s e n t  and f u t u r e  s t a t e s  o f  th e  rem ote  
e n v iro n m e n t ,  so t h a t  t h e  co n seq u en ces  of a c t i o n  w i t h i n  t h a t  env ironm en t 
can  be d e te rm in e d .  I n  g e n e r a l ,  v i s u a l l y  gu ided  a c t i o n  and b e h a v io u r  
a r e  c a r r i e d  ou t i n  an e n v ironm en t su r ro u n d in g  and e x te n d in g  away from 
t h e  o rg an ism  and t h i s  e n v ironm en t c o n s i s t s  o f  s u r f a c e s  and o b j e c t s  i n  a 
p a r t i c u l a r  l a y o u t .  The q u e s t i o n  of how th e  e n v iro n m e n ta l  l a y o u t  i s  
p e r c e iv e d  has  been th e  fo c u s  o f  p h i l o s o p h i c a l  d e b a te  and p s y c h o lo g ic a l  
r e s e a r c h  f o r  c e n t u r i e s ,  and t r a d i t i o n a l l y  c o n s t i t u t e s  th e  t o p i c  o f  
v i s u a l  space  p e r c e p t i o n .
H i s t o r i c a l l y ,  th e  i n i t i a l  p rob lem  i n  t h i s  a r e a  was to  u n d e rs ta n d  
how e x t e r n a l  s p a t i a l  r e l a t i o n s  were coded in  th e  r e t i n a l  im age. D uring  |
t h e  1 5 th  and 1 6 th  c e n t u r i e s ,  a f t e r  th e  n a t u r e  of th e  image and th e  
o p t i c s  o f  p r o j e c t i o n  had been  worked o u t ,  a  p roblem  im m ed ia te ly  became 
a p p a r e n t .  The f o l lo w in g  q u o te  shows how B e rk e le y ,  th e  e m p i r i c i s t  
p h i l o s o p h e r ,  c h a r a c t e r i s e d  th e  b a s i c  problem  of d i s t a n c e  p e r c e p t i o n .
" I t  i s ,  I  t h i n k ,  a g re e d  by a l l ,  t h a t  d i s t a n c e  of i t s e l f ,  
and im m e d ia te ly ,  can n o t  be s e e n .  For d i s t a n c e  b e in g  a l i n e
d i r e c t e d  e n d -w ise  to  th e  e y e ,  i t  p r o j e c t s  to  on ly  one p o i n t  
i n  th e  fund o f  th e  e y e .  Which p o in t  rem ains  i n v a r i a b l y  th e  
same, w h e th e r  th e  d i s t a n c e  be lo n g e r  o r  s h o r t e r . "
( B e rk e le y ,  1709)
T h is  dilemma o f  how we come to  p e r c e iv e  an e x tended  t h r e e -  ^
d im e n s io n a l  en v iro n m en t from a tw o -d im e n s io n a l  ^ r e t in a l  image, has  been 
th e  fo cu s  of a lo n g  d e b a te  betw een n a t i v i s t  and e m p i r i c i s t  s c h o o ls  of
th o u g h t ,  which has  c o n t in u e d  to  th e  p r e s e n t  day . The fo rm er  s c h o o l
de fended  th e  v iew  t h a t  th e  i d e a  of v i s u a l  space  i s  i n n a t e l y  p r e s e n t  
w i t h i n  a n ,o rg a n ism ,  w h i l e  t h e  a l t e r n a t i v e  v iew  h e ld  t h a t  th e  p e r c e p t i o n  ^ 
o f  d i s t a n c e  d e p e n d s ,  i n  B e r k e l e y 's  w ords, upon "an a c t  o f  judgem ent 
grounded on e x p e r i e n c e  ( r a t h e r )  th a n  on s e n s e " .
The more r e c e n t  d i s c i p l i n e  of e x p e r im e n ta l  p sy c h o lo g y ,  b e c au se  o f  
i t s  f o u n d a t io n s  i n  e m p i r i c i s t  p h i lo s o p h y ,  has i n  th e  main se en  th e  
p e r c e p t u a l  p r o c e s s  a s  one of  making judgem ents  abou t  t h e  n a tu r e  of th e  
e x t e r n a l  w orld  on th e  b a s i s  o f  e x p e r i e n c e .  T h is  v ie w p o in t  r e a c h e d  i t s  
m ost e x p l i c i t  form  i n  H e l m h o l t z 's  n o t io n  of " u n co n sc io u s  i n f e r e n c e "  
(H e lm h o l tz ,  1925) and can be seen  to d ay  i n  th e  work o f  G regory  (1970 ,
1 9 8 0 ) ,  where p e r c e p t i o n s  a r e  c o n s id e r e d  to  be an a lo g o u s  to  h y p o th e s e s  
a b o u t  th e  n a t u r e  o f  t h e  e x t e r n a l  w o r ld .  W ith in  t h i s  t r a d i t i o n a l  
v i e w p o in t ,  t h e  s e n s o r y  d a t a  p ro v id e d  by th e  r e t i n a l  image was se en  to
p r o v id e  " c r i t e r i a "  by w hich  p e r c e p t u a l  judgem ents  cou ld  be made. S in c e
'It h e  r e t i n a l  image c o n ta in e d  no d i r e c t  in f o r m a t io n  ab ou t  d i s t a n c e ,  t h e  J
" p r im a ry "  s e n s o r y  d a t a  on w hich judgem ents  ab o u t  d i s t a n c e  c o u ld  be <
made, were th o u g h t  to  come from th e  c o n v e rg e n t  and accommodative 
r e s p o n s e s  of th e  e y e s .  "S econdary"  ju d g em e n ta l  c r i t e r i a  were a l s o  % 
a v a i l a b l e  th ro u g h  th e  i n t e r p r e t a t i o n  of  s u p e r p o s i t i o n ,  p e r s p e c t i v e  and 
shadow, w i t h i n  t h e  im age . An o b s e r v e r  l e a r n t  t o  make e s t i m a t i o n s  of 
d i s t a n c e ,  on t h e  b a s i s  o f  t h e s e  c r i t e r i a ,  th ro u g h  e x p e r i e n c e  w i th  th e  
v i s u a l  and t a c t i l e  e n v i ro n m e n t .
I n  l i n e  w i t h  t h i s  e m p i r i c i s t  a p p ro a c h ,  r e s e a r c h  i n t o  t h e  
p e r c e p t i o n  o f  d e p th  and d i s t a n c e  has h i s t o r i c a l l y  been c oncerned  w i th  
e n u m e ra t in g  and a n a l y s i n g  th e  v a r io u s  dep th  c r i t e r i a  o r  c u e s .  As 
b r i e f l y  m e n t io n e d ,  t h e  a r t i s t i c  t e c h n iq u e s  which had been  d e v e lo p e d  to  
r e p r e s e n t  d e p th  i n  p a i n t i n g ,  and had been  d e s c r ib e d  i n  d e t a i l  by
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L eonardo  da V i n c i ,  were a s s ig n e d  the  s t a t u s  of s e co n d a ry  dep th  c u e s .  
These  in c lu d e d  s u p e r p o s i t i o n ,  s i z e  and p e r s p e c t i v e ,  l i g h t  and s h a d e ,  
a e r i a l  p e r s p e c t i v e  and h e i g h t  i n  t h e  v i s u a l  f i e l d .  The p r im a ry  d e p th  
cu e s  su g g e s te d  by B e rk e le y  had been convergence  and accom m odation, and , 
i n  th e  19 th  c e n tu r y ,  a t h i r d  p r im a ry  cue was acknow ledged , t h a t  o f  
b i n o c u l a r  s t e r e o p s i s ,  o r  b i n o c u l a r  p a r a l l a x .  T h is  d e p th  cue i s  based  
on th e  r e t i n a l  d i s p a r i t i e s ,  o r  d i f f e r e n c e s ,  be tw een th e  images to  th e  
two e y e s .  That t h e r e  was a d i f f e r e n c e  betw een th e  two images had been 
n o ted  s in c e  a n c i e n t  t im e s ,  by E u c l i d ,  Galen and da V in c i ,  among o t h e r s ,  
b u t  th e  f a c t  of b i n o c u l a r  p a r a l l a x  and th e  p r e s e n c e  of d i s p a r a t e  images 
was seen  as  a p rob lem  f o r  t h e  v i s u a l  sys tem , r a t h e r  th a n  a p o t e n t i a l  
s o u rc e  of d e p th  i n f o r m a t io n .  I t  was b e l i e v e d  t h a t  d i s p a r i t y  s h o u ld  
ca u se  a " d o u b lin g "  o r  a " c o n f u s io n "  i n  p e r c e p t i o n ,  and much e f f o r t  was 
e x e r t e d  to  t r y  and e x p la in  th e  a p p a re n t  s i n g l e n e s s  of v i s i o n  a c c o rd in g  
to  t h e  th e o r y  of c o r r e s p o n d in g  p o i n t s  (B re w s te r ,  1844; B e r in g ,  1942).
The c o n n e c t io n  betw een r e t i n a l  d i s p a r i t y  and th e  p e r c e p t i o n  o f  
d e p th  was n o t  f u l l y  g ra s p e d  u n t i l  W heats tone  d e m o n s tra ted  th e  
c o m p e l l in g  s e n s a t i o n  of d e p th  and d i s t a n c e  produced  by v iew ing  
d i s p a r a t e  images u s in g  a  s t e r e o s c o p e  (W h e a ts to n e ,  1838; 1852) .  The 
deve lopm ent of th e  s t e r e o s c o p e  l e d  to  an i n c r e a s e d  u n d e r s t a n d in g  o f  th e  
p r i n c i p l e s  by which i t  w orked , and d e m o n s tra ted  th e  v i v i d  e f f e c t i v e n e s s  
o f  s t e r e o p s i s  as  a cue to  d e p th .  Viewed s t e r e o s c o p i c a l l y , f i g u r e s  and 
s c e n e s  s to o d  o u t  c l e a r l y  i n  t h r e e  d im ens ions  and th e  amount and 
d i r e c t i o n  of th e  p e rc e iv e d  d e p th  was a lw ays p r e d i c t a b l e  from th e  n a tu r e  
o f  th e  d i s p a r i t i e s  betw een th e  two Im ages. T h is  p o w e rfu l  d e m o n s t r a t io n  
e f f e c t i v e l y  s e t  th e  scene  f o r  t h e  n e x t  150 y e a r s  of r e s e a r c h  i n t o  th e  
p e r c e p t i o n  of d e p th .  S t e r e o p s i s  came to  be seen  a s ,  by f a r ,  t h e  most 
im p o r ta n t  s o u rc e  o f  d e p th  i n f o r m a t io n  and i t  h a s  been  th e  fo cu s  of
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i n t e n s e  r e s e a r c h  up to  th e  p r e s e n t  day . T h is  has meant t h a t  o t h e r  
s o u rc e s  o f  d e p th  i n f o r m a t io n  have been l a r g e l y  ig n o re d  and t h e r e  has 
been  l i t t l e  t h e o r e t i c a l  o r  e m p i r i c a l  a n a l y s i s  o f  t h e i r  c h a r a c t e r i s t i c s . i
One of t h e  o t h e r  im p o r ta n t  b u t  r e l a t i v e l y  n e g le c te d  s o u rc e s  o f  
d e p th  i n f o r m a t io n  i s  t h a t  o f  m o tio n  p a r a l l a x .  M otion p a r a l l a x  was 
added to  t h e  l i s t  o f  d e p th  cues  by H elm holtz  i n  th e  m idd le  o f  th e  19 th  
c e n tu r y ,  and depends on th e  d i f f e r e n t  p e r s p e c t i v e  view s o f  th e  w o r ld  
w hich  a r e  p e r c e iv e d  from d i f f e r e n t  v iew ing  p o s i t i o n s .  As an o b s e r v e r  
moves l a t e r a l l y  from one p o s i t i o n  to  a n o th e r  th e  r e t i n a l  image 
u n d e rg o e s  t r a n s f o r m a t i o n  and t h e r e  i s  r e l a t i v e  movement be tw een  th e  
images of o b j e c t s  a t  d i f f e r e n t  d i s t a n c e s .  The amount o f  r e l a t i v e
movement i s  l a w f u l l y  r e l a t e d  to  th e  d i s t a n c e  of t h e  o b j e c t s  and i s ,
-Sit h e r e f o r e ,  a  p o t e n t i a l  s o u rc e  o f  d e p th  i n f o r m a t io n .  The d e p th  cue o f  
m o tion  p a r a l l a x  does n o t  seem to  have been e x p l i c i t l y  m en tioned  i n  
e a r l i e r  o p t i c a l  t e x t s ,  a l t h o u g h  H elm ho ltz  d i s c u s s e s  i t  as an a c c e p te d  i
s o u rc e  of d e p th  i n f o r m a t i o n .  One p ro b a b le  r e a s o n  f o r  t h i s  o m is s io n  i s  i
t h a t  p a r a l l a x  c a n n o t  be u se d  to  r e p r e s e n t  d e p th  i n  p i c t u r e s .  I t  i s  I
a l s o  l i k e l y  t h a t  t h e  coming o f  f a s t  lo co m o tio n  drew a t t e n t i o n  t o  th e  
r e l a t i v e  movement be tw een  o b j e c t s  a t  d i f f e r e n t  d i s t a n c e s  w hich 
accom pan ies  m o tio n  o f  t h e  o b s e r v e r  and i n  f a c t  Dove (1847) a p p a r e n t l y  
m en tioned  th e  phenomenon a f t e r  n o t i c i n g  i t  on a t r a i n  jo u rn e y .
The a c c o u n t  of d e p th  p e r c e p t i o n  o f f e r e d  i n  many modern t e x t  books 
i s  s t i l l  based  on an o u t l i n e  o f  t h e  t r a d i t i o n a l  d e p th  cues  d e s c r i b e d  by 
H elm holtz  ( s e e  f o r  exam p le ,  Kaufman, 1974; Rock, 1975 ) .  However, 
a l t h o u g h  s t e r e o p s i s  i s  s t i l l  c o n s id e r e d  to  be th e  d e p th  cue o f  m a jo r  
i m p o r ta n c e ,  an i n c r e a s i n g  em phas is  has r e c e n t l y  been p la c e d  on th e  s o -  
c a l l e d  " k i n e t i c "  cues  to  d e p th  which in c lu d e  and go beyond th e
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t r a d i t i o n a l  cue o f  m otion  p a r a l l a x  ( e g .  Haber and H e rsh en so n ,  1973 ) .
T h is  change i n  em phasis  r e f l e c t s  th e  growing i n f l u e n c e  o f  th e
t h e o r e t i c a l  and e m p i r i c a l  work o f  J J  Gibson (1950; 1966; 1979) .
G ib s o n 's  approach  o f f e r s  a r a d i c a l l y  d i f f e r e n t  v iew  of p e r c e p t i o n  to  
t h a t  of modern e m p i r ic is m .  Indeed  h i s  t h e o r i e s  can be seen  as a r i s i n g  
from  th e  n a t i v i s t  and G e s t a l t  s c h o o ls  and , t h e r e f o r e ,  o f t e n  d i r e c t l y  
c o n f l i c t  w i th  e m p i r i c i s t  a s s u m p t io n s .  I t  i s  e v id e n t  from a r e c e n t  
p a p e r  t h a t  th e  o ld  e m p i r i c i s t - n a t i v i s t  d e b a te  i s  s t i l l  a l i v e  to d a y ,  
a l b e i t  i n  a new form , and th e  vehemence o f  th e  members of  each  camp, 
seems to  have l o s t  l i t t l e  of  i t s  o r i g i n a l  f o r c e  ( s e e  U llm an, 1980 ) .  
However, Gibson has  gone f a r  beyond a t r a d i t i o n a l  n a t i v i s t  p o s i t i o n  i n  
h i s  t h e o r e t i c a l  a n a l y s i s  of th e  n a t u r e  and f u n c t i o n  of th e  p e r c e p t u a l  
p r o c e s s .  Gibson s e e s  p e r c e p t i o n ,  n o t  as a making o f  i n f e r e n c e s  a b o u t  
th e  n a tu r e  of th e  e x t e r n a l  w o r ld  on th e  b a s i s  o f  s e n s o ry  d a t a  and
e x p e r i e n c e ,  bu t  a s  a " p r o c e s s "  whereby an an im a l  a c t i v e l y  se e k s  and
" p ic k s  up" in f o r m a t io n  abou t what th e  env ironm en t o f f e r s  f o r  a c t i o n .  
P e r c e p t io n  i s  a  p r o c e s s  of d i r e c t  c o n ta c t  between th e  an im a l  and the  
e n v iro n m e n t ,  and e n v iro n m e n ta l  o p p o r t u n i t i e s  a re  d i r e c t l y  apprehended  
by th e  an im al w i th o u t  b e in g  m ed ia te d  by s e n s o ry  i m p r e s s io n s ,  i n f e r e n c e s  
o r .  i n t e r n a l  r e p r e s e n t a t i o n s .  Gibson a rg u e s  t h a t  r e g a r d in g  p e r c e p t i o n  
i n  t h i s  way n e c e s s i t a t e s  a  r a d i c a l  r e a p p r a i s a l  o f  th e  n a tu r e  of th e  
v i s u a l  in fo r m a t io n  a v a i l a b l e  to  an o b s e r v e r ,  th e  p r o c e s s e s  in v o lv e d  i n  
th e  " p ic k -u p "  of t h i s  in f o r m a t io n  and th e  r e l a t i o n s h i p  betw een v i s i o n  
and a c t i o n .
The main em phasis  of G ib s o n 's  e a r l y  work, and th e  p a r t  w hich has
had th e  most i n f l u e n c e  on p e r c e p t u a l  r e s e a r c h  in  g e n e r a l ,  was to  p o in t
o u t  t h a t  th e  v i s u a l  i n f o r m a t io n  a v a i l a b l e  to  a p e r c e i v e r  i s  v e ry  r i c h  
and i s  n o t  l im i t e d  to  t h a t  p r e s e n t  i n  a b r i e f ,  s t a t i c ,  r e t i n a l  im age.
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When a p e r c e i v e r  moves in  t h e  en v iro n m en t ,  t h e  "am bien t o p t i c  a r r a y "  
u n d e rg o e s  c e r t a i n  l a w f u l  t r a n s f o r m a t i o n s  which a r e  i n f o r m a t iv e  ab o u t  
t h e  t h r e e - d i m e n s i o n a l  s t r u c t u r e  of t h a t  en v iro n m en t .  T h is  chang ing  
o p t i c  a r r a y  w hich accom pan ies  movement of  th e  p e r c e i v e r ,  was c a l l e d  by 
G ib so n ,  "m otion  p e r s p e c t i v e " ,  and i t  i n c o r p o r a t e s  and e x te n d s  th e  
t r a d i t i o n a l  d e f i n i t i o n  of m otion  p a r a l l a x .  P a r a l l a x  t r a d i t i o n a l l y  
r e f e r s  to  th e  m o tio n  betw een th e  images of i s o l a t e d  p o i n t s  a t  d i f f e r e n t  
d i s t a n c e s ,  when th e  o b s e r v e r  moves p e r p e n d i c u l a r  to  th e  l i n e  o f  s i g h t ,  
r a t h e r  th a n  to  t h e  t r a n s f o r m a t i o n  of th e  whole a r r a y  which accom panies  
a r b i t r a r y  o b s e r v e r  m o t io n .  The p e r s p e c t i v e  t r a n s f o r m a t io n s  of th e  
a r r a y  a r e  a  r i c h  s o u rc e  of v i s u a l  in f o r m a t io n  and p ro v id e  two d i f f e r e n t  
ty p e s  of e n v i r o n m e n ta l  i n f o r m a t io n .  The n a tu r e  of th e  chang ing  
p e r s p e c t i v e  p r o v id e s  p e r c e p t u a l  i n fo r m a t io n  abou t  th e  p e r c e i v e r ' s  own 
movement i n  th e  e n v iro n m e n t ,  a nd , a t  th e  same t im e ,  th e  p e r s p e c t i v e  
t r a n s f o r m a t i o n s  th e m s e lv e s  r e v e a l  th e  u n d e r ly in g  i n v a r i a n t  s t r u c t u r e  of 
t h e  e n v iro n m e n t ,  by p r o v id in g  d i f f e r e n t  p e r s p e c t i v e  v iew s of th e  
p e r s i s t e n t  l a y o u t  of s u r f a c e s  and s t r u c t u r e  o f  o b j e c t s .  G ibson  
e x p r e s s e s  t h i s  p o i n t  by sa y in g  t h a t ,  f o r  o p t i c  f lo w , " th e  more i t  
c h a n g e s ,  th e  more i t  i s  r e v e a le d  as  th e  same t h i n g " .
I n  g e n e r a l ,  t h e  im pac t  o f  G ibsons  approach  has been to  em phas ise  
t h e  i n f o r m a t io n  a v a i l a b l e  i n  a chang ing  o p t i c  a r r a y .  Over th e  l a s t  
tw e n ty  y e a r s ,  p r e l i m i n a r y  t h e o r e t i c a l  r e s e a r c h  has looked  a t  how an 
o rg a n ism  co u ld  u se  t h i s  i n f o r m a t io n  to  d e te rm in e  th e  s t r u c t u r e  of 
o b j e c t s  and th e  p a ra m e te r s  of egom otion  (G ibson e t  a l . ,  1955; L ee , 
1 9 7 4 ) ,  w h i le  e m p i r i c a l  s t u d i e s  have i n v e s t i g a t e d  w h e th e r  a human 
p e r c e i v e r  can a c t u a l l y  use  th e  i n fo r m a t io n  a v a i l a b l e  (W allach  and 
O 'C o n n e l l ,  1953; Gibson e t  a l . ,  1959; J o h a n ss o n ,  1973; B r a u n s t e i n ,  




p r e c i s e l y  a n a ly s e  t h e  e x a c t  n a t u r e  of th e  in f o r m a t io n  a v a i l a b l e  in  
o p t i c  f lo w ,  and to  m a th e m a t ic a l l y  d e m o n s t ra te  th e  p o s s i b l e  c o m p u ta t io n s  
t h a t  cou ld  be c a r r i e d  ou t  (Nakayama and Loomis, 1974; K oenderink  and 
van D oom , 1975; L ongue t-H ig g in s  and P ra zd n y ,  1980) .  These l a s t  
s t u d i e s  show th e  i n f l u e n c e  o f  a modern t r e n d  in  v i s u a l  r e s e a r c h ,  th e  
c o m p u ta t io n a l  a p p ro a c h  to  v i s i o n ,  which has  been h e a v i l y  i n f l u e n c e d  by 
c o n c e p ts  from c o m p u ta t io n a l  s c i e n c e  and a r t i f i c i a l  i n t e l l i g e n c e .
The c o m p u ta t io n a l  ap p ro ach  s e e s  th e  g o a l  of p e r c e p t i o n  as  th e  
c o n s t r u c t i o n  o f  a t h r e e - d i m e n s i o n a l  r e p r e s e n t a t i o n  o f  th e  w orld  from  a 
tw o -d im e n s io n a l  i n t e n s i t y  a r r a y .  R a th e r  th an  f e a t u r e  e x t r a c t i o n  and 
i n f e r e n t i a l  p r o c e d u r e s  a c t i n g  on th e  r e t i n a l  im age, t h e  i n t e n s i t y  a r r a y  
i s  t ra n s fo rm e d  u s in g  c o m p u ta t io n a l  p ro c e d u re s  which a c t  unde r  c e r t a i n  
p re d e te rm in e d  c o n s t r a i n t s .  T h is  approach  i s ,  t h e r e f o r e ,  somewhere 
betw een a t r a d i t i o n a l  e m p i r i c i s t  and a G ib so n ia n  app roach  s i n c e ,  
a l th o u g h  t h e  u se  o f  i n f e r e n t i a l  p ro c e d u re s  and p a s t  e x p e r i e n c e  i s  
r e j e c t e d ,  and th e  i n f o r m a t io n  a b o u t  3D form  i s  acknow ledged as  p r e s e n tJ
i n  th e  i n p u t ,  i n f o r m a t io n  a b o u t  t h e  t h i r d  d im ens ion  i s  s t i l l ,  as  i t  Æ
w e re ,  h id d e n  and needs  to  be r e v e a le d  by c o m p u ta t io n a l  p r o c e d u r e s  A
Ir a t h e r  th a n  b e in g  d i r e c t l y  p e r c e i v e d .  In  some c o m p u ta t io n a l  m odels  ;| 
t h e r e  i s  a l s o  t h e  p o s s i b i l i t y  of in p u t  from H ighe r  l e v e l  c o g n i t i v e  
p r o c e s s i n g .  I t  has  been s u g g e s te d  t h a t  such in p u t  may be n e c e s s a r y  to
e x p la i n  some h i g h - l e v e l  v i s u a l  i l l u s i o n s ,  f o r  example th o se  i n v o lv i n g  A
■ V'Ei!ambiguous f i g u r e s ,  w hich seem to  depend on c o g n i t i v e  i n f o r m a t io n  -M
(G reg o ry ,  1 9 8 0 ) .
The main t h r u s t  of th e  c o m p u ta t io n a l  ap p ro ach  has  been to  
em phasise  th e  need to  c l e a r l y  s p e c i f y  th e  c o m p u ta t io n a l  n a t u r e  of th e  
t a s k  f a c i n g  th e  v i s u a l  sy s te m , to  make t h i s  t a s k  f o r m a l ly  e x p l i c i t  and
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h a s  p e rh a p s  been  most c l e a r l y  d e m o n s t ra te d  i n  th e  developm ent of 
c o m p u ta t io n a l  models o f  s t e r e o p s i s .  S e v e ra l  such models have now been  
d e v e lo p e d  and th e y  have h e lp e d  to  c l a r i f y  th e  problem s i n h e r e n t  in  
e x t r a c t i n g  d i s p a r i t y  i n f o r m a t io n .  They have a l s o  dem o n s tra ted  t h e  need 
to  use  e n v iro n m e n ta l  c o n s t r a i n t s  on th e  c o m p u ta t io n ,  f o r  exam p le ,  th e  
need to  assume t h a t  s u r f a c e s  w i l l ,  on th e  w ho le , be smooth (M arr and 
P o g g io ,  1979; Mayhew and F r i s b y ,  1980 ) .
t o  p roduce  a w ork ing  a l g o r i t h m  t o  c a r r y  ou t th e  com pu ta tion  (M arr ,
I1 9 8 0 ) .  The f r u i t f u l n e s s  of  c o n s id e r in g  v i s u a l  p e r c e p t i o n  in  t h i s  way, %
I
F o llo w in g  th e  s u c c e s s  of t h e s e  models o f  s t e r e o p s i s ,  Ullman (1979)  
has  a t te m p te d  to  d e v is e  an a n a lo g o u s  c o m p u ta t io n a l  model f o r  e x t r a c t i n g  Ê
d e p th  from m o tio n .  However, h i s  a n a l y s i s  has  r e l i e d  h e a v i l y  on th e  
s t e r e o s c o p i c  m o d e ls ,  w hich has led  to  an ov e rem p h as is  of th e  p rob lem  o f  fï
m a tc h in g  c o r r e s p o n d in g  p o i n t s  betw een s u c c e s s iv e  images and a f a i l u r e  
t o  a d e q u a t e ly  c o n s id e r  th e  o v e r a l l  n a tu r e  of th e  p rox im al c h a n g e .  An 
a d e q u a te  c o m p u ta t io n a l  model o f  d e p th  from m otion  has no t  y e t  been  
d e v e lo p e d ,  a l th o u g h  th e  c o m p u ta t io n a l  n a tu r e  of th e  t a s k  has  been
o u t l i n e d  i n  some d e t a i l  i n  th e  s t u d i e s  m en tioned  above. One o f  th e
m a jo r  c r i t i c i s m s  of c o m p u ta t io n a l  models of dep th  p e r c e p t i o n  i n
g e n e r a l ,  i s  t h a t  t h e  assumed end p ro d u c t  o f  th e  co m p u ta tio n  may n o t  be 
a p p r o p r i a t e  f o r  th e  t a s k  a t  h a n d . The g o a l  of th e  p r e s e n t  m odels  has  
been  to  p roduce  a "d e p th  map" o f  th e  im age, where each v i s u a l  d i r e c t i o n  |
i s  g iv en  an a s s o c i a t e d  d e p th  v a lu e .  However, in  o r d e r  to  p e r c e i v e  
t h r e e - d i m e n s i o n a l  s u r f a c e s  and o b j e c t s  i t  i s  n e c e s s a ry  f o r  th e  v i s u a l  
sy s te m  to  e x t r a c t  i n f o r m a t io n  abou t  change of d ep th  over  s p a c e .  The 
c o m p u ta t io n  of d e p th  change may f o l lo w  t h e  c o m p u ta t io n  of a  d e p th  map 
o r ,  a l t e r n a t i v e l y ,  th e  two p r o c e s s e s  m igh t be i n t e r d e p e n d e n t .
M oreover ,  i t  m ight n o t  be n e c e s s a r y  to  know th e  d e p th  o f  any p a r t i c u l a r
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p o i n t  i n  th e  image i n  o r d e r  to  p e r c e iv e  a d e p th  s u r f a c e .  P r e s e n t
ic o m p u ta t io n a l  m odels  may, t h e r e f o r e ,  be m isgu ided  i n  t h e i r  u n d e r ly in g  
a im s . -3
At th e  same t im e  a s  t h e  i n c r e a s i n g  i n f l u e n c e  o f  th e  c o m p u ta t io n a l  
a p p ro a c h  to  d e p th  p e r c e p t i o n ,  th e  l a t e r  work of  Gibson and th e  more 
r e c e n t  deve lopm ent of  h i s  a p p ro ach  by Shaw, P u rv e y ,  and o t h e r s  has  
a c te d  to  a p p ly  r e c e n t  t h e o r e t i c a l  deve lopm en ts  in  b i o l o g i c a l  s c i e n c e s  
. t o  v i s u a l  p e r c e p t i o n  (Shaw and P u rv e y ,  1981 ) .  T h is  work s t r e s s e s  th e  
m u t u a l i t y  be tw een  th e  p e r c e i v i n g  an im a l  and i t ' s  e n v iro n m e n t ,  in  o th e r  
words th e  m u tua l  t a i l o r i n g  of p e r c e p t i o n  and a c t i o n  to  one a n o th e r .  In  
p r a c t i c a l  t e rm s ,  t h i s  ap p ro ach  has  looked  a t  v i s u a l l y  guided  a c t i v i t y  
i n  t h e  e n v iro n m e n t ,  and a n a ly s e d  how th e  v i s u a l  i n f o r m a t io n  and th e  
movement o f  th e  an im a l  i n t e r a c t  to  a l lo w  s u c c e s s f u l  e x e c u t io n  of 
a c t i v i t y .  R e se a rc h  i n  t h i s  a r e a  h a s ,  t h e r e f o r e ,  been  m ain ly  c o n cern ed  
w i t h  u s in g  v i s u a l  i n f o r m a t io n  ab o u t  a p e r c e i v e r ' s  own a c t i v i t y  w h i le  
c a r r y i n g  ou t  a  t a s k ,  r a t h e r  th a n  u s in g  th e  in f o r m a t io n  abou t t h r e e -  
d im e n s io n a l  s t r u c t u r e  w hich i s  a l s o  a v a i l a b l e  from th e  o p t i c  f low  (L e e ,
1 9 8 0 ) .  T h is  manner of lo o k in g  a t  p e r c e p t i o n  i s  o n ly  i n  i t s  in f a n c y  and 
i t  seems l i k e l y  t o  p r o v id e  i n s i g h t s  i n t o  th e  n a t u r e  o f  p e r c e p t i o n ,  a s  a 
w h o le ,  and th e  p i c k - u p  of i n f o r m a t io n  abou t t h r e e - d i m e n s i o n a l  {
s t r u c t u r e ,  i n  p a r t i c u l a r ,  o v e r  th e  n e x t  d e c a d e .
In  summary, i t  seems t h a t  a f t e r  a lo n g  p e r io d  o f  n e g l e c t ,  dynamic ^
s o u rc e s  of d e p th  i n f o r m a t io n  a r e  becoming i n c r e a s i n g l y  im p o r ta n t  f o r  
t h e  u n d e r s t a n d in g  o f  d e p th  p r o c e s s in g  and v i s u a l  p e r c e p t i o n  in  g e n e r a l .  
F u r t h e r  advances  . in  t h i s  a r e a  a r e  l i k e l y  to  i n c o r p o r a t e  th e  i n s i g h t s  of fib o th  c o m p u ta t io n a l  and G ib s o n ia n  a p p ro a c h e s  to  p e r c e p t i o n ,  and i t  i s  ‘Ï3I
im p o r ta n t  t h a t  t h e r e  i s  a f i r m  e m p i r i c a l  base  to  g u id e  and e v a l u a t e  fI 
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t h e o r e t i c a l  deve lopm en t and to  s u g g e s t  new d i r e c t i o n s .  The sm a l l
;
amount of p r e v i o u s  r e s e a r c h  t h a t  has  been c a r r i e d  ou t  i n  t h i s  a r e a  has 4
p roduced  ambiguous r e s u l t s  due to  th e  v a ry in g  t h e o r e t i c a l  b a c k g ro u n d s  ;|
and t e c h n iq u e s  used  i n  th e  e x p e r im e n t s .  T h is  has  been p a r t i c u l a r l y  
t r u e  of r e s e a r c h  co n c e rn e d  w i th  d e te rm in in g  w he the r  human o b s e r v e r s  can 
u s e  m otion  p e r s p e c t i v e  t r a n s f o r m a t io n s  to  g a in  i n f o r m a t io n  ab o u t  t h r e e -  
d im e n s io n a l  s t r u c t u r e  (G ibson  and C a r e l ,  1952; B r a u n s t e i n ,  1968; 
E r ik s s o n ,  1973; J o h a n s s o n ,  197 3 ) .  I t  has  proved d i f f i c u l t  to  f in d  an 
e x p e r im e n ta l  t e c h n iq u e  w hich a l lo w s  th e  use  of complex o p t i c a l  
t r a n s f o r m a t i o n s  a s  w e l l  as  i s o l a t i n g  m otion  as th e  o n ly  a v a i l a b l e  
s o u rc e  of d e p th  i n f o r m a t i o n .
The r e s e a r c h  r e p o r t e d  i n  t h i s  t h e s i s ,  p r o v id e s  a  d e t a i l e d  i n i t i a l  
e x p l o r a t i o n  o f  one ty p e  o f  m otion  p e r s p e c t i v e ,  t h a t  o f  m o tion  p a r a l l a x .
I t  ha s  been c a r r i e d  o u t  u s in g  a new te c h n iq u e  which does a l lo w  p a r a l l a x  
t o  be s t u d i e d  i n  i s o l a t i o n  from o t h e r  s o u rc e s  of d e p th  i n f o r m a t io n .
M otion  p a r a l l a x ,  h e r e ,  r e f e r s  to  th e  m otion  p e r s p e c t i v e  which 
accom pan ies  m o tio n  p e r p e n d i c u l a r  to  th e  l i n e  of  s i g h t .  M otion  i n  t h i s  
d i r e c t i o n  p o t e n t i a l l y  p r o v id e s ,  good i n f o r m a t io n  a b o u t  th e  t h r e e -  
d im e n s io n a l  s t r u c t u r e  o f  th e  en v iro n m en t ,  a n d 's u c h  i n f o r m a t io n  i s  th e  
f o c u s  of t h e  p r e s e n t  t h e s i s .  (M otion  i n  th e  same d i r e c t i o n  as  th e  l i n e  
o f  s i g h t ,  m a in ly  p r o v id e s  i n f o r m a t io n  abou t th e  p a th  and d i r e c t i o n  of 
e g o m o t io n . )  The aim of  th e  r e s e a r c h  has been to  p r o v id e  an i n i t i a l  
e m p i r i c a l  c h a r a c t e r i s a t i o n  of m otion  p a r a l l a x  as  an in d e p e n d e n t  so u rc e  
o f  d e p th  i n f o r m a t i o n ,  and to  d e te rm in e  some o f  t h e  p a ra m e te r s  of th e
m otion  p a r a l l a x  p r o c e s s in g  sys tem  used  by human o b s e r v e r s .  A f u r t h e r
c o n s i d e r a t i o n  b eh in d  t h i s  r e s e a r c h ,  has  been to  compare th e  |
c h a r a c t e r i s t i c s  o f  t h e  m otion  p a r a l l a x  system  w i th  th o s e  of th e




so t h a t  th e  s i m i l a r i t i e s  and d i f f e r e n c e s  betw een th e  two sy s tem s can
e l u c i d a t e  th e  n a t u r e  o f  d e p th  p r o c e s s in g  i n  g e n e ra l
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CHAPTER 2 P r e v io u s  R e se a rc h  on M otion P a r a l l a x  as  a  Source  o f  ^
—   ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
I n f o r m a t io n  a b o u t  Depth and D i s ta n c e  I
2 .1  T r a d i t i o n a l  s t u d i e s  o f  m o tio n  p a r a l l a x .
The i n i t i a l  a n a l y s i s  o f  m o tion  p a r a l l a x  as  a s o u rc e  of 
i n f o r m a t io n  f o r  d e p th  and d i s t a n c e  was p ro v id e d  by H elm holtz  tow ards  
t h e  end o f  th e  l a s t  c e n tu r y .  S in c e  t h a t  t im e  m o tion  p a r a l l a x  h a s  been  
acknow ledged  a s  an im p o r ta n t  s o u rc e  of  d e p th  in f o r m a t io n  a l th o u g h  i t  
h a s  r e c e iv e d  r e l a t i v e l y  l i t t l e  e m p i r i c a l  i n v e s t i g a t i o n .  H e lm h o l tz 's  
d e s c r i p t i o n  i s  s t i l l  w orth  r e a d i n g  to d ay  and forms th e  b a s i s  f o r  th e  
d e s c r i p t i o n  of m otion  p a r a l l a x  in  many modern t e x tb o o k s  (H e lm h o l tz ,  
1 9 2 5 ) .
" In  w a lk in g  a lo n g ,  t h e  o b j e c t s  t h a t  a r e  a t  r e s t  by th e  
w a y s id e  s t a y  beh ind  u s ;  t h a t  i s ,  th e y  a p p e a r  to  g l i d e  p a s t  us 
i n  ou r  f i e l d  of v iew i n  t h e  o p p o s i t e  d i r e c t i o n  to  t h a t  i n  
w hich  we a re  a d v a n c in g .  More d i s t a n t  o b j e c t s  do th e  same
way, o n ly  more s lo w ly ,  .......... E v i d e n t l y ,  unde r  th e s e
c i r c u m s t a n c e s ,  the  a p p a r e n t  a n g u la r  v e l o c i t i e s  of o b j e c t s  in  
t h e  f i e l d  of v iew  w i l l  be i n v e r s e l y  p r o p o r t i o n a l  to  t h e i r  
r e a l  d i s t a n c e s  away; and c o n s e q u e n t ly ,  s a f e  c o n c lu s io n s  can 
be drawn a s  to  th e  r e a l  d i s t a n c e  of th e  body from i t s  
a p p a r e n t  a n g u la r  v e l o c i t y .  M oreover, i n  t h i s  c a se  t h e r e  i s  a 
r e l a t i v e  d i s p la c e m e n t  o f  o b j e c t s  a t  d i f f e r e n t  d i s t a n c e s  w i th  
r e s p e c t  to  each  o t h e r .  Those t h a t  a r e  f a r t h e r  o f f  as  
compared w i th  th o s e  t h a t  a r e  n e a r e r  seem to  be a d v a n c in g  w i th  
t h e  o b s e r v e r ,  w hereas  th o s e  t h a t  a r e  n e a r e r  a p p e a r  to  be 
coming tow ard  h i m ."
H elm ho ltz  r e f e r s  to  m o tio n  p a r a l l a x  as  a p o t e n t i a l  so u rc e  of 1 
in f o r m a t io n  abou t  th e  a b s o l u t e  d i s t a n c e  o f  o b j e c t s  from th e  o b s e r v e r ,  
a s  w e l l  a s  a b o u t  t h e  r e l a t i v e  d i s t a n c e s  between o b j e c t s .  The fo rm e r  
can  be d e te rm in e d  from th e  a n g u la r  v e l o c i t y  o f  th e  image o f  th e  o b j e c t ,  
w h i l e  th e  l a t t e r  i s  r e l a t e d  to  th e  d i f f e r e n t i a l  v e l o c i t y  betw een  th e  
im ages o f  d i f f e r e n t  o b j e c t s .  H elm ho ltz  a l s o  em phas ised  th e  p o t e n t i a l
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im p o r ta n c e  of m o tion  p a r a l l a x  as  a  so u rc e  o f  d e p th  i n f o r m a t io n  and 
p o i n te d  o u t  i t s  r e l a t i o n s h i p  t o  s t e r e o p s i s .
"More i m p o r t a n t l y ,  how ever, f o r  th e  e s t i m a t i o n  o f  
d i s t a n c e s ,  and more a c c u r a t e  th a n  a l l  t h e  i n c i d e n t a l  a i d s  
m en tioned  [ p i c t o r i a l  d e p th  c u e s ] ,  i s  th e  com par ison  o f  th e  
p e r s p e c t i v e  v iew s o f  t h e  same o b j e c t  as  se en  from d i f f e r e n t  
p o i n t s .  P r a c t i c a l l y ,  t h e r e  a r e  two ways i n  which t h i s  can be 
do n e ,  e i t h e r  i n  m onocu la r  v i s i o n  by moving th e  head  and body, 
o r  i n  b i n o c u l a r  v i s i o n  by means of th e  two d i f f e r e n t  images o f  
t h e  same o b j e c t  a t  t h e  same t im e  in  th e  two e y e s . ”
F i n a l l y ,  H e lm h o ltz  s u g g e s te d  t h a t  m otion  p a r a l l a x  p ro v id e d  th e  
same phenomenal im p r e s s io n  o f  d e p th  as  s t e r e o p s i s .
"S uppose ,  f o r  i n s t a n c e ,  t h a t  a p e rs o n  i s  s t a n d i n g  s t i l l  1
i n  a t h i c k  woods, w here i t  i s  im p o s s ib le  f o r  him to  ]
d i s t i n g u i s h ,  e x c e p t  v a g u e ly  and ro u g h ly ,  i n  t h e  mass o f  j
f o l i a g e  and b ra n c h e s  a l l  a round  him what b e lo n g s  to  one t r e e  
and what to  a n o t h e r ,  . . . .  th e  moment he b e g in s  to  move f o rw a rd ,  
e v e r y t h in g  d i s e n t a n g l e s  i t s e l f ,  and im m ed ia te ly  he g e t s  an 
a p p e r c e p t i o n  of t h e  m a t e r i a l  c o n te n t s  of th e  woods and t h e i r  
r e l a t i o n s  to  e ach  o t h e r  i n  s p a c e ,  j u s t  as i f  he were lo o k in g  a t  
a  good s t e r e o s c o p i c  v iew  o f  i t . "
A more d e t a i l e d  g e o m e t r i c a l  a n a l y s i s  of m o tion  p a r a l l a x  b a sed  on 
t h a t  o f f e r e d  by H e lm h o l tz ,  has  been  p r e s e n te d  by Graham (1 9 6 5 ) .  W ith in  
t h i s  t r a d i t i o n a l  d e f i n i t i o n ,  m o tion  p a r a l l a x  r e s t s  an th e  a b i l i t y  to  
d e t e c t  t h e  d i f f e r e n t i a l  a n g u la r  v e l o c i t y  betw een th e  l i n e s  of  s i g h t  to  
two o b j e c t s .  The geom etry  beh ind  t h i s  type  o f  a n a l y s i s  i s  shown i n  
F ig u r e  2 . 1 .  From t h i s  f i g u r e  i t  can  be se en  t h a t  m o tion  p a r a l l a x  can 
a c t  a s  a r e l a t i v e  d e p th  c u e ,  s i n c e  th e  d i f f e r e n t i a l  a n g u la r  v e l o c i t y  i s  
a  l i n e a r  f u n c t i o n  o f  t h e  d i s t a n c e  betw een two o b j e c t s ,  and can a l s o  a c t  
a s  an a b s o l u t e  c u e ,  i f  th e  e x t e n t  o f  l a t e r a l  movement and th e  d i r e c t i o n  
o f  gaze  can be d e te r m in e d .  The r e l a t i o n  to  s t e r e o p s i s  can  be 
a p p r e c i a t e d  by c o n s i d e r i n g  two v iew in g  p o s i t i o n s  w hich a r e  s e p a r a t e d  by 
a d i s t a n c e  e q u i v a l e n t  to  t h e  i n t e r o c u l a r  d i s t a n c e .  I n  t h i s  c a se  th e
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F i g u r e  2 . I .
As an  o b s e r v e r  moves from  PI th ro u g h  P2 to  P3 th e  r e l a t i v e  p o s i t i o n s  
o f  t h r e e  o b j e c t s  change and t h e r e  i s  a d i f f e r e n t i a l  a n g u la r  v e l o c i t y  
be tw e en  th e  l i n e s  o f  s i g h t  t o  th e  d i f f e r e n t  o b j e c t s .  T h is  d i f f e r e n t i a l  
v e l o c i t y  i s  a l i n e a r  f u n c t i o n  o f  th e  r e l a t i v e  d i s t a n c e  b e tw een  o b j e c t s  
so t h a t ,  f o r  exam p le ,  t h e  r e l a t i v e  m o tio n  of t h e  t r e e  w i t h  r e s p e c t  t o  
th e  p e r s o n  i s  g r e a t e r  t h a n  th e  r e l a t i v e  m o tio n  b e tw e en  t h e  house  and 
t h e  p e r s o n .  I f  PI and P2 a r e  s e p a r a t e d  by  th e  i n t e r o c u l a r  d i s t a n c e  th e n  
th e  d i f f e r e n c e  i n  r e l a t i v e  p o s i t i o n  o f  th e  t h r e e  o b j e c t s  a t  PI and P2 
c o r r e s p o n d s  to  t h e  d i s p a r i t i e s  w hich  would be p r e s e n t  i f  t h e  scen e  
was v iew ed  b i n o c u l a r l y  from  th e  m id p o in t  o f  PI and P2.
A b s o lu te  d i s t a n c e  can  be computed i f  t h e  a n g le  o f  s i g h t  and d i s t a n c e  
t r a v e l l e d  a r e  known, s i n c e  D = d / ta n  a .  . . .  .
I
i n f o r m a t io n  g a in e d  by com paring  th e  two view s b i n o c u l a r l y  can a l s o  be 
o b t a in e d  m o n o c u la r ly  by moving from  one p o s i t i o n  to  th e  o t h e r .
F o l lo w in g  t h i s  ty p e  of g e o m e tr ic  a n a l y s i s ,  m o tion  p a r a l l a x  
became a c c e p te d  a s  an  im p o r ta n t  p o t e n t i a l  s o u rc e  o f  d e p th  i n f o r m a t i o n .
However, o n ly  i n t e r m i t t e n t  a t t e m p t s  were made to  e m p i r i c a l l y  |
d e m o n s t r a te  t h a t  m o tio n  p a r a l l a x  co u ld  a c t u a l l y  be u sed  as  a  v e r i d i c a l  
cue  f o r  d e p th ,  by human o b s e r v e r s .  The e a r l i e s t  of t h e s e  a t t e m p t s  
seems to  have  been  made by Bourdon (1902) who showed t h a t  th e  s p a t i a l  
o r d e r  ( r e l a t i v e  d i s t a n c e )  o f  two l i g h t s  i n  a c o r r i d o r  co u ld  o n ly  be 
d e te rm in e d  m o n o c u la r ly  i f  s u b j e c t s  moved t h e i r  h e a d s .  T h is  was t r u e  
f o r  d i s t a n c e s  of two to  tw en ty  m e t r e s .  In  an a t t e m p t  to  d i s c o v e r  how 
much head movement was n e c e s s a r y .  Cords (1913) r e p o r t e d  t h a t  th e  d e p th 1p e r c e iv e d  by m o tio n  p a r a l l a x  was c o n s t a n t  when th e  e x t e n t  of head  
movement was 3cms o r  m ore, and no d e p th  was p e r c e iv e d  when i t  was l e s s  
th à n  1cm. The n e x t  m ajo r  s tu d y  was t h a t  o f  T scherm ak-Seysenegg  (1 9 3 9 ) ,  
who made th e  f i r s t  t h r e s h o ld  m easurem ents  f o r  m otion  p a r a l l a x .  She 
d e te rm in e d  t h a t  th e  t h r e s h o l d  d e p th  d i f f e r e n c e  which was r e q u i r e d  to  
p e r c e i v e  two w i r e s  a s  b e in g  a t  d i f f e r e n t  d e p th s ,  was 0.8mm f o r  
m onocu la r  v iew in g  w i th  head movement a t  a  d i s t a n c e  of 21cms. T h is  
compared w i th  a t h r e s h o l d  d e p th  d i f f e r e n c e  f o r  b i n o c u l a r  v ie w in g  of 
0.5mm.
The g e o m e t r ic  a n a l y s i s  g iv e n  i n  F ig u re  2 .1  was d e s c r ib e d  f o r  a 
moving o b s e r v e r  lo o k in g  a t  s t a t i o n a r y  o b j e c t s .  A s y m m e tr ic a l  a n a l y s i s  
can be made f o r  th e  c a se  of  a s t a t i o n a r y  o b s e rv e r  v iew in g  o b j e c t s  /j
t r a n s l a t i n g  a c r o s s  th e  l i n e  o f  s i g h t .  T h is  s i t u a t i o n ,  which w i l l  be 'j
c a l l e d  a p a s s i v e  p a r a l l a x  s i t u a t i o n ,  i s  e a s i e r  to  s e t  up and c o n t r o l  i n  
a l a b o r a t o r y  s i t u a t i o n  and has  been  used  i n  th e  two m ost e x t e n s i v e
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is t u d i e s  of m otion  p a r a l l a x  t h r e s h o l d s ,  th o se  of Graham e t  a l . (1 9 4 8 )  and *
Z e e g e rs  (1 9 4 8 ) .  Both t h e s e  s t u d i e s  were concerned  w i th  th e  e f f e c t  o f  
c e r t a i n  p a ra m e te r s  on th e  t h r e s h o l d s  f o r  d e t e c t i n g  d e p th  d i f f e r e n c e s .
I n  p a r t i c u l a r ,  th e  e x t e n t  and v e l o c i t y  of l a t e r a l  movement were 
i n v e s t i g a t e d  s in c e  t h e s e  p a ra m e te r s  d e te rm in e  th e  o v e r a l l  d i s p l a c e m e n t ,  
and a r e  t h e r e f o r e  l i k e l y  to  a f f e c t  t h r e s h o l d s .  Both s t u d i e s  u sed  a 
t a s k  where two t h i n  n e e d l e s ,  one above th e  o t h e r ,  were moved l a t e r a l l y  
a c r o s s  th e  o b s e r v e r s  l i n e  o f  s i g h t .  The o b s e rv e r s  t a s k  was t o  a d j u s t  
t h e  d i s t a n c e  of one n e e d le  u n t i l  b o th  n e e d le s  a p p eared  to  l i e  i n  th e  
same d e p th  p l a n e .  The t h r e s h o l d  a n g u la r  v e l o c i t y  was th e n  computed 
from  th e  d e v i a t i o n  of th e  e r r o r s  i n  t h e  d e p th  s e t t i n g s .  Graham e t  a l .
(1948 )  found t h a t  th e  t h r e s h o l d  d i f f e r e n t i a l  a n g u la r  v e l o c i t y  c o u ld  be 
a s  low as 30 a r c  seco n d s  p e r  s e co n d .  T h re sh o ld s  i n c r e a s e d  w i th  o v e r a l l  
r a t e  of s t im u lu s  movement up to  a maximum o f  2 a r c  m in u tes  p e r  second  
f o r  s t im u lu s  movements o f  17 d e g re e s  p e r  second and above . T h r e s h o ld s  
w ere  lo w e s t  when th e  movement of t h e  n e e d le s  was in  a h o r i z o n t a l  
d i r e c t i o n  and i n c r e a s e d  by j u s t  unde r  a f a c t o r  of  two f o r  v e r t i c a l  
movement, c o n f i rm in g  an a n i s o t r o p y  r e p o r t e d  i n  Tscherm ak"s s tu d y .
Z e e g e rs  (1948) c o n fi rm e d  t h a t  i n c r e a s e s  i n  s t im u lu s  v e l o c i t y  i n c r e a s e d  
d i f f e r e n t i a l  v e l o c i t y  t h r e s h o l d s  and a l s o  i n v e s t i g a t e d  th e  e f f e c t  of 
v a r y in g  th e  o v e r a l l  e x c u r s i o n .  He d e m o n s tra ted  t h a t ,  f o r  a g iv e n  
o v e r a l l  v e l o c i t y ,  m o tio n  p a r a l l a x  t h r e s h o l d s  w ere  d e te rm in ed  by th e  
maximum v i s u a l  a n g le  s e p a r a t i n g  th e  com parison  and t e s t  s t im u lu s  d u r in g  
t h e i r  l a t e r a l  e x c u r s i o n .
These t h r e s h o l d  m easu rem en ts  show t h a t  th e  v i s u a l  sy s te m  h a s  a 
h ig h  a c u i t y  f o r  d e t e c t i n g  d i f f e r e n t i a l  a n g u la r  v e l o c i t y .  I t  i s  n o t  
c l e a r ,  how ever, how t h i s  r e l a t e s  to  th e  p e r c e p t i o n  of  d e p th  p e r  s e .
Graham, f o r  exam ple , r e p o r t s  t h a t  o b s e rv e r s  p e rc e iv e d  e i t h e r  d e p th
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s e p a r a t i o n  o r  d i f f e r e n t i a l  v e l o c i t y  betw een th e  two o b j e c t s ,  o r  even
j u s t  th e  o f f s e t  o r  m is a l ig n m e n t  o f  t h e  two n e e d le s  a t  d i f f e r e n t  p a r t s
o f  th e  m o tio n  p a t h .  I n  o r d e r  to  d e m o n s t ra te  th e  e f f e c t i v e n e s s  of
m o tio n  p a r a l l a x  a s  a  s o u rc e  o f  d e p th  i n f o r m a t io n  i t  i s  n e c e s s a r y  t o  do
more th a n  d e m o n s t ra te  t h a t  i t  i s  p o s s i b l e  to  p ic k  up sm a l l  d i f f e r e n c e s  ' f
i n  a n g u la r  v e l o c i t y  o r  v e r n i e r  a l i g n m e n t .  A way of  overcom ing t h i s
d i f f i c u l t y  i s  to  lo o k  a t  t a s k s  which use  m easurem ents  ta k e n  above 
t h r e s h o l d .  E x p e r im en ts  t h a t  have a t t e m p te d  to  use  t h i s  type  o f  t a s k  
h a v e ,  how ever ,  o n ly  p ro v id e d  e q u iv o c a l  e v id e n c e  f o r  t h e  e f f e c t i v e n e s s  
o f  m otion  p a r a l l a x .
%
Most t a s k s  o f  t h i s  k in d  have in v o lv e d  d i s t a n c e  e s t i m a t i o n  o r  
d i s t a n c e  m a tc h in g .  G ib so n ,  G ib so n ,  Sm ith and F lo c k  (1959 )  c a r r i e d  o u t  
one such e x p e r im e n t  as p a r t  o f  a  l a r g e r  s tu d y  to  be d e s c r ib e d  l a t e r .
I n  a p a s s i v e  m otion  p a r a l l a x  s i t u a t i o n ,  s t a t i o n a r y  o b s e rv e r s  were shown 
shadows of two s p o t s  a t  d i f f e r e n t  d i s t a n c e s  which moved l a t e r a l l y  -fS
Ia c r o s s  t h e  l i n e  of s i g h t .  Because  o f  th e  d e p th  d i f f e r e n c e  t h e r e  was a 3
d i f f e r e n t i a l  v e l o c i t y  be tw een  th e  shadows of  th e  two o b j e c t s  b u t  
accom m odative cues  were e l i m i n a t e d .  G ibson e t  a l .  found t h a t  a l t h o u g h  
th e  d i f f e r e n t i a l  v e l o c i t y  caused  th e  two s p o ts  to  a p p e a r  to  be a t  
d i f f e r e n t  d i s t a n c é s ,  th e  e x t e n t  of t h e  d e p th  s e p a r a t i o n  be tw een  th e  
o b j e c t s j  t h e i r  a b s o l u t e  d i s t a n c e  from th e  o b s e r v e r ,  and even t h e i r  
r e l a t i v e  o r d e r  in  d e p th  was n o t  c o n s i s t e n t l y  p e r c e iv e d .
More r e c e n t l y ,  i n  a  s e r i e s  o f  e x p e r im e n ts  which looked  a t  t h e  
e f f e c t i v e n e s s  of m otion  p a r a l l a x  i n  th e  p r e s e n c e  of o t h e r  d e p th  c u e s ,
E r ik s s o n  (1972a , 1972b, 1973) found s i m i l a r  r e s u l t s .  A lthough  head
movement a l lo w e d  th e  d e p th  s e p a r a t i o n  of two o b j e c t s  to  be p e r c e i v e d ,  
t h e  e x t e n t  of th e  s e p a r a t i o n  was u n d e r e s t im a te d  and th e  d i r e c t i o n  of
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th e  d e p th  d i f f e r e n c e  was am biguous. The o rd e r  of th e  two o b j e c t s  was 
d e te rm in e d  by th e  o t h e r  cues  p r e s e n t ,  such a s ,  h e i g h t  i n  th e  v i s u a l  
f i e l d ,  r a t h e r  th a n  by th e  d i r e c t i o n  o f  th e  v e l o c i t y  d i f f e r e n c e .  O th e r  
e x p e r im e n ts  by Gogel and T i e t z  (1973 , 1974) have  shown t h a t  th e
d i f f e r e n t i a l  v e l o c i t y  p ro v id e d  by head m otion  i s  i n s u f f i c i e n t  to  
c o r r e c t  a  f a l s e  d e p th  im p r e s s io n  produced by o t h e r  cues  such  as  
p e r s p e c t i v e .  A d e v e lo p m e n ta l  s tu d y  by Degelman and R o s in s k i  ( 1 9 7 9 ) ,  
a g a in  found t h a t  a b s o l u t e  and r e l a t i v e  d e p th s  were u n d e r e s t im a t e d ,  ' W
w h i le  a s tu d y  by R edding e t  a l .  (1967) f a i l e d  to  f i n d  any improvement 
i n  a d i s t a n c e  m a tc h in g  t a s k  due to  head movement, u n l e s s  th e  d e g re e  o f  J
body sway was g r e a t e r  th a n  4 6cm s.,  - a  much l a r g e r  amount th a n  t h a t  used  
i n  most o t h e r  s t u d i e s .
::
On th e  o t h e r  hand , t h e r e  have been s t u d i e s  which have i n d i c a t e d  
t h a t  m otion  p a r a l l a x  can be an e f f e c t i v e  cue f o r  d e p th .  I n  p a r t i c u l a r ,
J o h a n sso n  (1973) found t h a t  l a t e r a l  head m otion  a l lo w e d  v e ry  a c c u r a t e  IJ
e s t i m a t i o n  o f  t h e  a b s o l u t e  d i s t a n c e  to  an a r r a y  of f o u r  l i g h t s ,  and 
F e r r i s  (1972) found t h a t  d i s t a n c e  judgem ents u s in g  m o tio n  p a r a l l a x  %
improved d r a m a t i c a l l y  w i t h  t r a i n i n g .  A more r e c e n t ,  d e t a i l e d  s tu d y  by v|
H e l l  (1978)  used  a d i f f e r e n t  means of m easu r ing  th e  e f f e c t i v e n e s s  o f
m otion  p a r a l l a x .  In  a  s i z e  m atch in g  t a s k ,  th s  s u b j e c t  was r e q u i r e d  to  
s e t  t h e  w id th  of th e  f a r t h e r  of two o b j e c t s  to  m atch th e  w id th  o f  th e  
n e a r e r .  The amount o f  s i z e  c o n s ta n c y  shown was t a k e n  as  a  m easure  of 
e f f e c t i v e n e s s ,  f o r  c o n d i t i o n s  u s in g  d i f f e r e n t  e x t e n t s  and v e l o c i t i e s  o f  li
head movement. The amount o f  c o n s ta n c y  reached  an a sy m p to te  of a round  
50% when th e  a m p l i tu d e  and v e l o c i t y  o f  head m otion  exceeded  a c e r t a i n  
v a lu e  w h ic h ,  when computed u s in g  th r e s h o ld  v a lu e s  found i n  p r e v io u s  
s t u d i e s ,  was ab o u t  10 t im e s  t h r e s h o l d .  In  th e  c o n d i t i o n s  o f  t h i s
e x p e r im e n t  t h i s  was e q u i v a l e n t  to  a head movement o f  6cms. a t  a
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v e l o c i t y  o f  6cms. p e r  s e c .  I n  t h e  same s tu d y .  H e l l  showed t h a t  a 
s u c c e s s io n  of d i s p a r a t e  images from d i f f e r e n t  p o s i t i o n s  was n o t  
s u f f i c i e n t  t o  p r o v id e  m o tio n  p a r a l l a x  i n f o r m a t io n ,  w hich depended on 
th e  p r e s e n c e  o f  r e l a t i v e  v e l o c i t y .  However, t h e  p ro c e d u re  i n  t h i s  
c o n d i t i o n  was r a t h e r  awkward f o r  th e  s u b j e c t ,  so t h i s  r e s u l t  m ust 
re m a in  t e n t a t i v e . I
U sing  th e  same t e c h n i q u e ,  H e l l  and Freeman (1977) found t h a t  th e  
e f f e c t i v e n e s s  of m otion  p a r a l l a x  d e c re a s e d  as  th e  a n g u la r  s e p a r a t i o n  
be tw een  th e  t e s t  and c o m par ison  o b j e c t  i n c r e a s e d .  T h is  a p p e a rs  t o  be 
r e l a t e d  to  th e  i n c r e a s e  i n  d i f f e r e n t i a l  a n g u la r  v e l o c i t y  t h r e s h o l d  
( Z e e g e r s ,  1948 ) ,  and th e  i n c r e a s e  i n  t h r e s h o l d s  f o r  d e t e c t i n g  r e l a t i v e  
m o tio n  betw een two s p o t s  (Brown, 1961; Harvey and M ichon, 1974 ) ,  w hich 
o c c u r s  w i th  i n c r e a s i n g  a n g u la r  s e p a r a t i o n .  In  t h i s  s tu d y  th e  
e f f e c t i v e n e s s  of p a r a l l a x  was a l s o  i n f lu e n c e d  by th e  n a tu r e  o f  th e  
background  and i t s  v e l o c i t y  r e l a t i v e  to  th e  o b j e c t s .  F i n a l l y ,  a r a t h e r  
in g e n io u s  way of m ea su r in g  th e  e f f e c t i v e n e s s  o f  p a r a l l a x  was u sed  by 
W allach  and 0"L eary  (1 9 7 9 ) .  They looked  a t  w h e th e r  o b s e rv e r s  would §
a d a p t  to  w ea r in g  p r ism s  w hich  a l t e r e d  th e  r e l a t i o n s h i p  betw een  th e  
accom m odative re s p o n s e  o f  t h e  eye and th e  d i s t a n c e  of f o c u s s e d  o b j e c t s .  
A d a p ta t i o n  was found to  o c c u r  when m otion  p a r a l l a x  was t h e  o n ly  |
v e r i d i c a l  s o u rc e  o f  d e p th  i n f o r m a t i o n  which c o u ld  a l lo w  th e  v i s u a l  
sy s te m  to  r e c a l i b r a t e  th e  r e l a t i o n s h i p .  They took  t h i s  to  i n d i c a t e  
t h a t  p a r a l l a x  had been a c t i n g  a s  an e f f e c t i v e  cu e .
The d i s c r e p a n c i e s  be tw een  th e  r e s u l t s  from th e s e  d i f f e r e n t  i
e x p e r im e n t s ,  p ro b a b ly  r e f l e c t  th e  wide v a r i e t y  of t e c h n iq u e s  and 
p r o c e d u r e s  u se d .  One v a r i a b l e  which m ight be im p o r ta n t  i s  w h e th e r  ;




ïw h e th e r  p a s s i v e  p a r a l l a x  was s t u d i e d .  I n  th e  s t u d i e s  c i t e d ,  a c t i v e  3
head  movement p a r a l l a x  seems to  p r o v id e  more e f f e c t i v e  i n f o r m a t i o n ,
p e rh a p s  due to  t h e  e x t r a  i n f o r m a t i o n  t h a t  i s  a v a i l a b l e  from th e  m otor
and v e s t i b u l a r  sy s tem s  i n  t h i s  c a s e .  E xper im en ts  have a l s o  v a r i e d  t o  %
t h e  e x t e n t  t h a t  o t h e r  c u e s ,  e i t h e r  i n  c o n f l i c t  o r  i n  ag reem en t  w i th
I
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p a r a l l a x ,  have been  p r e s e n t  i n  th e  s t im u lu s  s i t u a t i o n .  F i n a l l y ,  y
a n o th e r  im p o r ta n t  f a c t o r  seems to  be th e  p re s e n c e  o r  ab sen c e  of  a 
background to  p r o v id e  a r e f e r e n c e  f o r  the  s t im u lu s  o b j e c t s .  T h is  S
r e f l e c t s  an im p o r ta n t  common f e a t u r e  o f  th e  ex p e r im e n ts  d e s c r ib e d  so
i. f a r ,  which have a l l  i n v o lv e d  d i f f e r e n t i a l  a n g u la r  v e l o c i t i e s  be tw een  -f
■i'*j u s t  a c o u p le  o f  p o i n t s  o r  l i n e s .  A lthough  t h i s  i s  i n  l i n e  w i th  th e  
t r a d i t i o n a l  g e o m e t r i c a l  a n a l y s i s  o f  p a r a l l a x ,  i t  may be t h a t  t h i s  
s i t u a t i o n  i s  n o t  s u f f i c i e n t l y  complex to  a l lo w  m otion  p a r a l l a x  to  be 4
u t i l i s e d  e f f e c t i v e l y .  In  e v e ry d a y  l i f e ,  a f t e r  a l l ,  th e  v i s u a l  w orld  i s  |
f i l l e d  w i th  s u r f a c e s  and o b j e c t s  a t  d i f f e r e n t  d i s t a n c e s  and as  we move 
t h e r e  i s  a whole f lo w  of r e l a t i v e  m otion  between th e  images of  -I
d i f f e r e n t  p a r t s  of  th e  f i e l d ,  r a t h e r  th an  m ere ly  a d i f f e r e n c e  i n  |
v e l o c i t y  betweem two i s o l a t e d  p o i n t s .  Such an argum ent formed th e  v
b a s i s  of an e x te n d e d  t h e o r e t i c a l  a n a l y s i s  of m o tion  p a r a l l a x  which was
1de v e lo p e d  by J . J .  G ibson  i n  t h e  1 950" s .  His work i n i t i a t e d  a s e r i e s  s!|
o f  e x p e r im e n ts  to  d e te r m in e  w h e th e r  a  f lo w  o f  r e l a t i v e  v e l o c i t i e s  w ould I
be a more e f f e c t i v e  s o u rc e  of  i n f o r m a t io n  abou t d e p th  s e p a r a t i o n s  and 
t h e  t h r e e - d i m e n s i o n a l  shape  of o b j e c t s .
2 .2  The e f f e c t i v e n e s s  o f  v e l o c i t y  g r a d i e n t s .
i n  "The P e r c e p t i o n  o f  t h e  V i s u a l  World" (1 9 5 0 ) ,  G ibson d e s c r i b e d  
t h e  way i n  which th e  p ro x im a l  s t i m u lu s  changes w i th  movement o f  an
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"A pparen t  a n g u la r  v e l o c i t y  i s  p r o p o r t i o n a l  to  d i s t a n c e ,  
t r u e  enough, b u t  i t  i s  a l s o  a f u n c t i o n  of 0"s  l i n e  of 
lo c o m o t io n .  As a n g u la r  d e v i a t i o n  from t h i s  l i n e  d e c r e a s e s  
a p p a r e n t  m o tio n  a l s o  d e c r e a s e s  and f i n a l l y  v a n i s h e s . I n  
o t h e r  w ords ,  t h e  a p p a re n t  v e l o c i t i e s  of o b j e c t s  s c a t t e r e d  i n  
t h e  v i s u a l  f i e l d  seem to  be c o m p l ic a te d  by th e  f a c t  t h a t  th e y  
" c a r r y  i n f o r m a t io n "  n o t  o n ly  abou t  th e  d i s t a n c e s  of o b j e c t s  
b u t  a l s o  a b o u t  t h e  d i r e c t i o n  i n  which 0 h im s e l f  i s  m oving ."
G ibson^s a n a l y s i s  has  p ro v id e d  new i n s i g h t  i n t o  th e  d e p th  cue o f  
m o tio n  p a r a l l a x  and has  g e n e r a te d  a l o t  of r e s e a r c h  w i th  p a r t i c u l a r  
em phasis  on th e  o p t i c  f lo w  w hich accom panies  ap p ro a c h  of an o b s e r v e r  to  
an  o b s t a c l e .  H is  a n a l y s i s  has  been  e x tended  and more r i g o r o u s l y  
d e f in e d  by s e v e r a l  a u th o r s  i n  th e  l a s t  decade and a model based  on such  
an  a n a l y s i s  w i l l  be o u t l i n e d  below . The im m edia te  im pact of G ib s o n 's  
work was to  g e n e r a t e  a s e r i e s  o f  e x p e r im e n ts  to  show t h a t  a f lo w  o r  
g r a d i e n t  of  v e l o c i t i e s  was an e f f e c t i v e  s o u rc e  of d e p th  i n f o r m a t i o n ,  
and to  compare t h i s  type  o f  s t im u lu s  w i th  th e  two v e l o c i t y  s i t u a t i o n ,  
u se d  i n  th e  e x p e r im e n ts  d e s c r ib e d  a bove .
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o b s e r v e r  th ro u g h  an e n v iro n m e n t .  In  g e n e r a l ,  movement c a u se s  a whole 
p a t t e r n  of f low  which G ibson has  c a l l e d  m otion  p e r s p e c t i v e .  An 
i n t u i t i v e  g r a s p  o f  t h e  m otion  p e r s p e c t i v e  accom panying lo c o m o tio n  can 
be a p p r e c i a t e d  from  F ig u r e  2 .2 .  G ibson , Glum and R o s e n b la t t  (1955 )  
gave  a m a th e m a t ic a l  a n a l y s i s  of t h e  n a tu r e  of t h i s  p e r s p e c t i v e  o r  o p t i c  ||
f lo w  and showed t h a t  i t  c o n ta i n s  i n f o r m a t io n  which t h e o r e t i c a l l y  a l lo w s  
t h e  c o m p u ta t io n  of th e  d ep th  s t r u c t u r e  of th e  env ironm en t and th e  
d i r e c t i o n  of movement o f  th e  o b s e r v e r .  This  a n a l y s i s  i n c lu d e d  and went 
beyond , th e  t r a d i t i o n a l  g e o m e tr ic  a n a l y s i s  of m o tion  p a r a l l a x  o u t l i n e d  
e a r l i e r .  G ibson  g iv e s  th e  f o l l o w in g  r e a n a l y s i s  o f  th e  H e lm h o l tz ia n
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( c )  The g e n e r a l  p a t t e r n  o f  o p t i c  f lo w  around  an  o b s e r v e r .
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I n  an e a r l y  a t t e m p t ,  G ibson and C a re l  (1952) p r e s e n te d  o b s e r v e r s  
w i t h  a  moving bank o f  lum inous d o t s ,  c o n ta i n in g  a g r a d i e n t  of 
v e l o c i t i e s ,  and found t h a t ,  c o n t r a r y  to  t h e i r  p r e d i c t i o n ,  o b s e r v e r s  
f a i l e d  t o  p e r c e i v e  a  s u r f a c e  s lo p i n g  i n  d e p th .  However, i n  a d e t a i l e d  
s t u d y ,  G ib so n ,  G ib so n ,  Sm ith  and F lo c k  (1959) o b ta in e d  a more p o s i t i v e  
r e s u l t .  They u sed  a  s h a d o w - c a s t e r  te c h n iq u e  to  p r o j e c t  shadows of 
d i f f e r e n t i a l l y  moving t e x t u r e d  p l a n e s .  The shadow p r o j e c t i o n  o f  two 
t r a n s p a r e n t  random d o t  p l a n e s  a t  d i f f e r e n t  d i s t a n c e s  a p p eared  as  one 
s u r f a c e  when th e y  w ere  s t a t i o n a r y ,  b u t  gave a c o n s i s t e n t  im p r e s s io n  o f  
two s u r f a c e s  s e p a r a t e d  i n  d e p th  when a d i f f e r e n t i a l  v e l o c i t y  was 
i n t r o d u c e d  be tw een  th e  two p l a n e s .  I n  a d d i t i o n ,  a shadow p a t t e r n  
c o n t a i n i n g  a  g r a d i e n t  o f  v e l o c i t i e s  from th e  top  to  t h e  bo ttom  of th e  
p a t t e r n ,  was p e r c e iv e d  a s  a s l a n t i n g  s u r f a c e  r e c e d in g  i n  d e p th .  
However, ju d g em en ts  o f  a b s o l u t e  d i s t a n c e  were i n c o n s i s t e n t  i n  a l l  c a s e s  
and th e  e x t e n t  of d e p th  s e p a r a t i o n  in  th e  two p la n e  c a s e  was 
u n d e r e s t i m a t e d .  F o l lo w in g  t h i s  s tu d y .  Smith and Sm ith  (1963) used  a 
c o m b in a t io n  of two v e l o c i t y  and c o n t in u o u s  v e l o c i t y  g r a d i e n t s .  They 
found  t h a t  a l t h o u g h  t h i s  s t i m u lu s  y i e l d e d  a v e r i d i c a l  p e r c e p t i o n  o f  th e  
o r d e r  o f  two s u r f a c e s  i n  d e p th ,  th e  e x t e n t  o f  t h e  s e p a r a t i o n  was 
u n d e r e s t im a t e d  and t h e  v e l o c i t y  g r a d i e n t  f a i l e d  to  g iv e  a c o n s i s t e n t
im p r e s s i o n  of a  s l o p i n g  s u r f a c e .  On th e  o t h e r  han d . F lo c k  (1964 )  found
/
t h a t  v e l o c i t y  g r a d i e n t s  were s u f f i c i e n t  to  s p e c i f y  s lo p i n g  s u r f a c e s ,  
a n d ,  m o re o v e r ,  t h a t  g r a d i e n t s  r e p r e s e n t i n g  s u r f a c e s  w hich s lo p e d  a t  an 
a n g le  o f  be tw een  40 and -4 0  d e g s .  from th e  v e r t i c a l ,  were  c o r r e c t l y  
r a n k e d  w i t h  r e s p e c t  to  t h e  d e g re e  of  s lo p e .  In  a d d i t i o n ,  th e  judged  
s lo p e  was v e ry  c l o s e  to  th e  p h y s i c a l  s l o p e .  Park  (1964)  a l s o  found 
t h a t  v e l o c i t y  g r a d i e n t s  gave r i s e  to  p e rc e iv e d  s l a n t  b u t  he a g a in  found 
t h a t  th e  d e g re e  o f  s l a n t  was u n d e r e s t im a t e d .
■"■ï
In  summary, t h e s e  e x p e r im e n ts  on th e  p e r c e p t i o n  of  d e p th  from 
v e l o c i t y  g r a d i e n t s  o n ly  gave s l i g h t l y  b e t t e r  e v id e n c e  f o r  t h e  
e f f e c t i v e n e s s  of m otion  p a r a l l a x  i n f o r m a t io n  th an  th e  two v e l o c i t y  c a se  
c o n s id e r e d  e a r l i e r .  I n  r e v ie w in g  t h e s e  e x p e r im e n ts ,  E p s t e i n  and P a rk  
(1964) conc luded  t h a t :  "These e x p e r im e n ts  f a i l e d  to  p r o v id e  e v id e n c e
t h a t  m otion  p a r a l l a x  i n  i s o l a t i o n  i s  a d e q u a te  to  s p e c i f y  d e p th ,  s l a n t  
o r  th e  r e l a t i v e  o r d e r  o f  s u r f a c e s  i n  d e p th . "  M oreover, i n  a more
r e c e n t  r ev ie w  of  t h e  l i t e r a t u r e  Gogel (1977) conc lu ded  t h a t :  "A lthough
r e l a t i v e  m o tion  p a r a l l a x  i s  o f t e n  assumed to  be one o f  t h e  e f f e c t i v e  
e x o c e n t r i c  c u e s ,  t h e  e v id e n c e  seems to  be e q u iv o c a l . "
B e fo re  l o o k in g  a t  p o s s i b l e  r e a s o n s  f o r  t h e s e  e q u iv o c a l  r e s u l t s  
i t  i s  i n t e r e s t i n g  to  c o n s i d e r  G oge l"s  i n t e r p r e t a t i o n  o f  t h e s e  
e x p e r im e n ts  on m o tio n  p a r a l l a x .  He m a in ta in s  t h a t  th e  p e r c e p t i o n  o f  a 
d i f f e r e n t i a l  v e l o c i t y  be tw een  two o b j e c t s  i s  s u f f i c i e n t  to  i n d i c a t e  
t h a t  th e y  a r e  a t  d i f f e r e n t  d e p th s  bu t  i s  i n s u f f i c i e n t  to  p r o v id e  a 
phenomenal im p r e s s io n  of d e p th  be tw een  th e  o b j e c t s .  He p o i n t s  o u t  t h a t
i f  an a p p a re n t  m o tio n  i s  a c t u a l l y  p e r c e iv e d  d u r in g  movement i n  th e
e n v ironm en t ( a s  e x p e r ie n c e d  on a t r a i ^ ,  f o r  exam ple)  t h e n  t h i s ,  i n
e f f e c t ,  i n d i c a t e s  a  f a i l u r e  o f  m o tion  p a r a l l a x  to  a c t  as  a  v e r i d i c a l  
d e p th  c u e .  He s u g g e s t s  t h a t ,  i n  g e n e r a l ,  t h e  d i s t a n c e s  a c t u a l l y
p e r c e iv e d  i n  any s i t u a t i o n  a r e  d e te rm in e d  by th e  o t h e r  d e p th  cues  
p r e s e n t ,  and th e  p ro x im a l  r e l a t i v e  m otion  i s  i n t e r p r e t e d  i n  a c c o rd a n c e  
w i th  th e s e  p e r c e iv e d  d i s t a n c e s .  Hence, i f  t h e s e  d i s t a n c e s  a r e
i n c o r r e c t l y  p e r c e iv e d  th e n  r e l a t i v e  m otion  o f  o b j e c t s  and s u r f a c e s  w i l l  f1
be p e rc e iv e d  w hich  i s  c o n c o m i ta n t  w i th  th e  m otion  of  t h e  o b s e r v e r .  An 
example of t h i s  o c c u rs  when an o b s e r v e r  moves w h i le  v ie w in g  a h o l lo w  
mask which i s  i n c o r r e c t l y  p e r c e iv e d  a s  a  norm al f a c e  (G reg o ry ,  1 9 7 0 ) .
The fa c e  a p p e a rs  to  r o t a t e  w i th  th e  o b s e rv e r s  movement due to  th e
.....................  .
m is p e rc e lv e d  d e p th  r e l a t i o n s h i p s  w i t h i n  th e  mask. I n  an e l e g a n t  s e r i e s  
o f  e x p e r im e n ts  Gogel and T i e t z  (1973 , 1974, 1980) have  been a b le  to  use  
t h e  a p p a r e n t  m o tio n  c o n c o m ita n t  w i th  head m otion  as  a m easure  o f  t h e  
p e r c e iv e d  d i s t a n c e  o f  o b j e c t s  when t h e i r  d i s t a n c e  was s p e c i f i e d  by 
o t h e r  d e p th  cu e s  such  as  p e r s p e c t i v e .  However, i n  t h e s e  e x p e r im e n ts  
p a r a l l a x  i n f o r m a t io n  was o n ly  p ro v id e d  by th e  r e l a t i v e  m otion  betw een  
two i s o l a t e d  p o i n t s  and t h i s  may n o t  have  been  an o p t im a l  s i t u a t i o n  f o r  
t h e  e f f e c t i v e  u se  o f  p a r a l l a x .
The d i s c o u r a g in g  n a t u r e  o f  t h e  e x p e r im e n ta l  s t u d i e s  d e s ig n e d  to  
d e m o n s t r a te  t h e  e f f e c t i v e n e s s  o f  m o tio n  p a r a l l a x ,  seems to  r e s u l t  from 
t h e  l a c k  of an a d e q u a te  s t im u lu s  s i t u a t i o n  where m otion  p a r a l l a x  can 
a c t  e f f e c t i v e l y  as  s o u rc e  o f  d e p th  i n f o r m a t io n .  T h is  c o n c lu s io n  i s  
s u p p o r te d  by t h e  f a c t  t h a t  v e ry  p o w e r fu l  d e p th  e f f e c t s  can be p roduced  
by o t h e r  k in d s  o f  p e r s p e c t i v e  t r a n s f o r m a t i o n s .  S tudy  o f  t h e s e  d e p th  
e f f e c t s  has  le d  to  a renewed i n t e r e s t  i n  m otion  p e r s p e c t i v e  as a w h o le ,  
and to  s e v e r a l  t h e o r e t i c a l  d e v e lopm en ts  in  th e  a r e a  o v e r  r e c e n t  y e a r s . 
On th e  e m p i r i c a l  s i d e ,  s i n c e  t h e i r  deve lopm ent i n  t h e  1 9 6 0 's ,  com puter  
t e c h n i q u e s  f o r  p ro d u c in g  moving s t im u lu s  p a t t e r n s  have p roved  to  be a 
u s e f u l  e x p e r i m e n t a l  t o o l  f o r  c o n t r o l l i n g  and m a n ip u la t in g  th e  v a r i o u s  
p a ra m e te r s  in v o lv e d  i n  d i f f e r e n t  ty p e s  o f  m otion  t r a n s f o r m a t i o n s .  
Computer t e c h n i q u e s  h a v e ,  how ever ,  m a in ly  been used  to' i n v e s t i g a t e  th e  
m o tio n  t r a n s f o r m a t i o n s  which accompany r o t a t i o n  o f  a 3D o b j e c t ,  
a l t h o u g h  a few s t u d i e s  have  a l s o  in c lu d e d  m otion  p a r a l l a x  
t r a n s f o r m a t i o n s ,  t h a t  i s ,  t r a n s f o r m a t i o n s  accompanying o b j e c t  m o tion  
p e r p e n d i c u l a r  to  t h e  l i n e  o f  s i g h t .
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2 .3  The K i n e t i c  D epth  E f f e c t .
I n  1953 W allach  and O 'C o n n e l l  c a r r i e d  o u t  t h e  f i r s t  d e t a i l e d  
s tu d y  of an  i n t e r e s t i n g  d e p th  e f f e c t  which had b een  n o te d  e a r l i e r  by 
M ile s  (1931)  and M etzger  (1 9 3 4 ) .  These a u th o r s  had n o t i c e d  t h a t  th e  
tw o -d im e n s io n a l  shadows o r  s i l h o u e t t e s  o f  some t h r e e - d i m e n s i o n a l  
o b j e c t s ,  such  as  f a n s  o r  w i n d m i l l s ,  o f t e n  a p p e a re d  to  be a s  t h r e e -  
d im e n s io n a l  a s  t h e  o b j e c t s  th e m s e lv e s .  To i n v e s t i g a t e  t h i s  phenomena 
i n  more d e t a i l ,  W a llach  and O 'C o n n e l l  used a shadow c a s t i n g  a p p a r a tu s  
w here  a shadow of an i n t e r v e n i n g  o b j e c t  was c a s t  on a t r a n s l u c e n t  
s c r e e n  by a p o i n t  l i g h t  s o u r c e .  When th e  o b j e c t  was s t a t i o n a r y  t h e  
tw o -d im e n s io n a l  shadow lo o k ed  f l a t ,  how ever, when t h e  o b j e c t  was 
r o t a t e d  t h e r e  was an im m ed ia te ,  s t r i k i n g  im p r e s s io n  o f  a  s o l i d  t h r e e -  
d im e n s io n a l  r o t a t i n g  o b j e c t .  T h is  p e r c e p t i o n  o f  d e p th  i n  a  2D 
t r a n s f o r m in g  p a t t e r n  was l a b e l l e d  th e  " K in e t ic  D epth  E f f e c t " .  I t  was 
n o te d  by W allach  and O 'C o n n e l l  t h a t  th e  t r a n s f o r m in g  shadow s im u la t e d  
th e  s e r i e s  o f  p e r s p e c t i v e  t r a n s f o r m a t i o n s  t h a t  would be p e r c e iv e d  a s  an 
o b s e r v e r  w alked  around  a s t a t i o n a r y  o b j e c t ,  i e ;  i t  s im u la t e d  a k in d  o f  
m o tio n  p e r s p e c t i v e .  One i n t e r e s t i n g  c h a r a c t e r i s t i c  of t h e  K i n e t i c  
D epth E f f e c t  (KDE) was t h a t  t h e  i n t e r n a l  d e p th  r e l a t i o n s h i p s  o f  t h e  
p e r c e iv e d  o b j e c t  and i t s  d i r e c t i o n  o f  r o t a t i o n  w ere  n o t  c o n s i s t e n t l y  
p e r c e i v e d .  The shadow was e i t h e r  s e en  as  a 3D o b j e c t  w i th  a  p a r t i c u l a r  
f r o n t - b a c k  r e l a t i o n s h i p  r o t a t i n g  i n  one d i r e c t i o n ,  o r  a s  a  3D o b j e c t  
w i th  th e  r e v e r s e d  f r o n t - b a c k  o r d e r  r o t a t i n g  i n  t h e  o p p o s i t e  d i r e c t i o n ,  
and t h e s e  two p o s s i b l e  i n t e r p r e t a t i o n s  would o f t e n  a l t e r n a t e  
s p o n ta n e o u s ly .  T h is  p e r c e p t u a l  a m b ig u ity  i s ,  i n  f a c t ,  c o n s i s t e n t  w i t h  
th e  geom etry  of t h e  s i t u a t i o n  s i n c e  th e  method used  e n s u r e s  t h a t  t h e  
shadow i s  p r o j e c t e d  a p p ro x im a te ly  o r t h o g r a p h i c a l l y ,  t h a t  i s ,  i t  
a p p ro x im a te s  a  p a r a l l e l  p r o j e c t i o n .  A r o t a t i n g  3D s t r u c t u r e  h a s  t h e
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same o r th o g r a p h ic  p r o j e c t i o n  a s  i t s  m i r r o r  im age, r o t a t e d  by th e  same 
amount i n  an o p p o s i t e  d i r e c t i o n ,  and so th e  a m b ig u ity  i s  i n h e r e n t  i n  
t h e  n a t u r e  o f  t h e  s t im u lu s  p a t t e r n  ( s e e  U llm an, 197 9 ) .
As m en tioned  a b o v e ,  com puter g e n e ra te d  s t i m u l i  have been
e x t e n s i v e l y  u sed  to  s tu d y  th e  KDE. Green (1961) was th e  f i r s t  to
d e v e lo p  t h i s  t e c h n iq u e  w hich  a l lo w s  a r b i t r a r y  m o tions  o f  g roups o f  d o t s  
t o  be p roduced  on a tw o -d im e n s io n a l  s u r f a c e ,  so t h a t  th e  m o tion  o f
a c t u a l  o b j e c t s  i s  n o t  r e q u i r e d .  To p roduce  KDE s t i m u l i ,  t h e  changes i n
p o s i t i o n  o f  d o t s  o r  l i n e s  p la c e d  w i t h i n ,  o r  on th e  s u r f a c e  o f ,  an 
im a g in a ry  o b j e c t  such as  a  s p h e r e ,  a r e  computed as th e  sp h e re  u n d e rg o e s  
h y p o t h e t i c a l  t r a n s f o r m a t i o n s .  The two d im e n s io n a l  p r o j e c t i o n  o f  t h e  
im a g in a ry  s p h e re  i s  th e n  computed a t  d i s c r e t e  i n t e r v a l s  d u r in g  th e  
t r a n s f o r m a t i o n ,  and a s e r i e s  of  t h e s e  p r o j e c t i o n s  i s  u sed  to  p ro d u ce  a 
t r a n s f o r m in g  2D p a t t e r n .  T h is  t e c h n iq u e  has  been used  e x t e n s i v e l y  by 
B r a u n s t e i n  whose many e x p e r im e n t s  i n  th e  a r e a  have  been  summ arised i n  
h i s  book "Depth  P e r c e p t i o n  th ro u g h  M otion" (1 9 7 6 ) .  He has  looked  a t
t h e  p e r c e iv e d  d e p th  f o r  t r a n s f o r m in g  p a t t e r n s  which s im u l a t e  t h e
t r a n s f o r m a t i o n s  o c c u r in g  d u r in g  r o t a t i o n  and t r a n s l a t i o n  o f  an o b j e c t  
a b o u t  th e  t h r e e  axes  o f  v i s u a l  s p a c e .  C oncern ing  th e  KDE, B r a u n s t e i n
h a s  lo o k ed  a t  th e  c o n d i t i o n s  u n d e r  w hich  th e  c o r r e c t  d e p th  o r d e r  and
d i r e c t i o n  o f  r o t a t i o n  i s  p e r c e iv e d  and has shown t h a t  a c c u r a c y  
i n c r e a s e s  g r a d u a l l y  as  t h e  p r o j e c t i o n  p o i n t  d i s t a n c e  d e c re a s e s  so t h a t  
t h e  p r o j e c t i o n  becomes p o l a r  r a t h e r  th a n  p a r a l l e l  ( B r a u n s t e in  and 
P a y n e ,  1 9 68 ) .  The u se  o f  p o l a r  p r o j e c t i o n  i n t r o d u c e s  s e v e r a l  
p e r s p e c t i v e  e f f e c t s  i n t o  t h e  t r a n s f o r m in g  p a t t e r n  and t h e s e  can  be used  
t o  d i s a m b ig u a te  t h e  r o t a t i o n  d i r e c t i o n .  They in c l u d e  r e l a t i v e  s i z e  and 
v e l o c i t y  d i f f e r e n c e s  be tw een  f r o n t  and back  s u r f a c e s ,  t h e  l o c a t i o n  o f  
m in im al  v e l o c i t y  p o i n t s  and t h e  r a t i o  of a c c e l e r a t i o n  to  d i s p l a c e m e n t
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a lo n g  a row o f  p o i n t s .  Both v e r t i c a l  and h o r i z o n t a l  p e r s p e c t i v e  
e f f e c t s  have been shown t p  be e f f e c t i v e  i n  r e d u c in g  r o t a t i o n  a m b ig u i ty  
( B r a u n s t e in  and P a y n e ,  1968; H e rs h b e rg e r  and S t a r z e c ,  1974; 
H e r s h b e r g e r ,  C a r p e n t e r ,  S t a r z e c  and L a u g h l in ,  1974 ) .  The i n i t i a l  
e x p e r im e n ts  on t h e  KDE, c a r r i e d  ou t  by W allach  and O 'C o n n e l l ,  had 
a t t e m p te d  to  d e te rm in e  w h e th e r  changes  o f  m otion  i n  b o th  a v e r t i c a l  and 
h o r i z o n t a l  d i r e c t i o n  were n e c e s s a ry  f o r  th e  d e p th  e f f e c t  t o  be 
p e r c e i v e d .  T h is  h y p o t h e s i s  g e n e ra te d  a l o t  o f  e x p e r im e n ta l  r e s e a r c h  
(W hite  and M ueser , 1960; J o h a n ss o n  and J a n s s o n ,  1968; B r a u n s t e i n ,  1976) 
b u t  i t  now seems t h a t  i t  i s  n o t  n e c e s s a r y  f o r  th e  p a t t e r n  to  undergo  
change i n  two d im e n s io n s  p ro v id e d  t h a t  o t h e r  s t im u lu s  c o n d i t i o n s ,  such  
a s  th e  number and s e p a r a t i o n  of d o ts  and th e  amount of r e l a t i v e  
movement be tw een them , a r e  a p p r o p r i a t e  ( B r a u n s t e in ,  1 9 7 6 ) .  O th e r  
f a c t o r s  t h a t  have b een  shown t o  d e c r e a s e  th e  a c c u ra c y  and s t a b i l i t y  of 
t h e  KDE a r e  a d e c r e a s e  i n  number o f  e le m en ts  o r  v iew s (G ree n ,  1961; 
B r a u n s t e i n ,  1962) and an i n c r e a s i n g  p r e s e n c e  o f  random n o i s e  ( P e t e r s i k ,  
1 9 7 9 ) .
I n  an a t t e m p t  to  e l u c i d a t e  t h e  c r u c i a l  m o tion  p r o p e r t i e s  
r e s p o n s i b l e  f o r  t h e  p e r c e p t i o n  of d e p th  i n  t h e  KDE, r a t h e r  th a n  
s i m u l a t i n g  th e  t r a n s f o r m a t i o n s  p roduced  by r e a l  o b j e c t s ,  J o h a n s s o n  and 
h i s  c o l l e a g u e s  have lo o k ed  a t  p a t t e r n s  of d o ts  w i th  s im p le r  movement 
p a r a m e t e r s .  B o r j e s s o n  and von H o fs te n  (1972, 1973, 1977) u se d  p a t t e r n s  
c o n t a i n i n g  o n ly  two o r  t h r e e  d o t s ,  to  lo o k  a t  th e  r e l a t i o n s h i p  betw een  
t h e  ty p e  o f  p ro x im a l  m o tio n  (common o r  r e l a t i v e ,  s i n u s o i d a l  o r  l i n e a r )  
and th e  p e r c e p t i o n  o f  r o t a t o r y  and t r a n s l a t o r y  m o tio n s  i n  d e p th .  They 
found  t h a t ,  c o n c u r r e n t ,  l i n e a r  m o tions  ten d ed  to  f a v o u r  t h e  p e r c e p t i o n  
o f  t r a n s l a t i o n  w h i le  p a r a l l e l ,  r e l a t i v e ,  s i n u s o i d a l  m o tio n s  f a v o u re d  
r o t a t i o n  p e r c e p t s .  S i m i l a r  s t u d i e s  f o r  l i n e s  ( Jo h a n s s o n  and J a n s s o n ,
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1968) and po lygons  ( J a n s s o n  and J o h a n ss o n ,  1973) have a l s o  been c a r r i e d  
o u t .  From th e s e  e x p e r im e n t s ,  J o h a n sso n  has  deve loped  a model o f  m o tio n  
p e r c e p t i o n  based  on a p e r c e p t u a l  v e c to r  a n a l y s i s  of th e  p ro x im a l  
s t i m u l u s .  I n  h i s  a n a l y s i s ,  th e  m otion  of each  p o i n t  i s  b roken  down 
i n t o  a component o f  common m o tio n  which i s  sh a red  w i th  o t h e r  d o ts  and a 
r e m a in in g  component of r e l a t i v e  m otion  w i th  r e s p e c t  to  o t h e r  d o t s .  I n  
o r d e r  f o r  d e p th  to  be p e r c e iv e d  th e  r e l a t i v e  m otion  components must be 
n o n - z e r o .  An im p o r ta n t  f e a t u r e  of t h i s  a n a l y s i s  i s  t h a t  i t  i s  n o t  
s o l e l y  th e  p a r t i c u l a r  m o tion  o f  a p o i n t  which d e te rm in e s  i t s  p e r c e iv e d  
d e p th  and m otion  b u t  r a t h e r ,  th e  m otion  of any p o i n t  has to  be 
i n t e r p r e t e d  w i th  r e s p e c t  to  th e  whole p a t t e r n  o f  m otions  o c c u r in g  
th ro u g h o u t  t h e  v i s u a l  f i e l d .  In  o t h e r  words a g lo b a l  a n a l y s i s  of th e  
p a t t e r n  of m o tio n s  i s  n e c e s s a r y  ( Jo h a n sso n  1 9 7 5 ,1 9 7 7 ) .  A n o th e r  
im p o r ta n t  a s p e c t  o f  t h i s  model i s  t h a t ,  th e  v i s u a l  sys tem  i s  c o n s id e r e d  
t o  "assum e" t h a t  th e  m o tion  p a t t e r n  which i t  i s  p r o c e s s in g ,  a r i s e s  from 
a p r o j e c t i v e  t r a n s f o r m a t i o n  of a r i g i d  t h r e e - d i m e n s i o n a l  o b j e c t .  
A lth o u g h  p re v io u s  s t u d i e s  had p o in te d  out t h a t  in  th e  KDE th e  v i s u a l  
sy s te m  i n  some se n se  seems to  p r e f e r  a t h r e e - d i m e n s i o n a l  i n t e r p r e t a t i o n  
o f  a t r a n s f o r m in g  a r r a y  (W allach  and O 'C o n n e l l ,  1953; Gibson and 
G ib so n ,  1957; Hay, 1 9 6 6 ) ,  Jo h a n sso n  a c t u a l l y  b u i l t  such  a p r i n c i p l e  
i n t o  h i s  a n a l y s i s .  The model assumes t h a t  th e  v i s u a l  sy s tem  i s  
p r i m a r i l y  tuned to  i n t e r p r e t  m o tions  as p r o j e c t i v e  t r a n s f o r m a t i o n s  and 
w i t h i n  t h i s  framework i t  " a u to m a t ic a l ly  a b s t r a c t s  a maximum of 
p r o j e c t i v e  i n v a r i a n c e  i n  t h e  t r a n s f o r m a t i o n  . . . .  r i g i d  m otion  i s  what 
i s  b a s i c a l l y  so ugh t  f o r "  ( J o h a n s s o n ,  1977; 1978) .  Once th e
i n t e r p r e t a t i o n  which a l lo w s  maximum p r o j e c t i v e  i n v a r i a n c e  h as  been 
d i s c o v e r e d ,  th e  r e s i d u a l  m o tion  i s  i n t e r p r e t e d  as m otion  o f  th e  r i g i d  
o b j e c t  o r  as  a form change of  p a r t s  o f  th e  o b j e c t .
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-Kri
S i m i l a r  m odels t o  t h a t  g iv e n  by Jo h a n sso n  have a l s o  been
d e v e lo p e d  by Hay (1 9 6 6 ) ,  who p r e s e n t s  an a l g e b r a i c  model of th e  KDE,
3and by R e s t i e  (1979 )  who a p p l i e s  th e  cod ing  th e o r y  d e v e lo p e d  by . f 
Leeuwenberg (1978 )  t o  t h e  p e r c e p t i o n  of d e p th  from  m o tio n .  I n  th e  
l a t t e r  ' a n a l y s i s  th e  p e r c e p t u a l  code r e p r e s e n t s  th e  r e l a t i v e  and common %
m o tio n  components and a minimum s o l u t i o n  i s  s o u g h t ;  an  a n a lo g o u s
p r o c e s s  t o  t h e  s e a r c h  f o r  m aximal p r o j e c t i v e  i n v a r i a n c e  in  J o h a n s s o n 's  
m o d e l .
A fo rm a l  d e s c r i p t i o n  o f  th e  a m p l i tu d e ,  phase  and te m p o ra l  
c h a r a c t e r i s t i c s  of  t h e  v i s u a l  sy s tem s  r e s p o n s e  to  th e  K i n e t i c  D epth 
E f f e c t ,  h a s  been  o u t l i n e d  r e c e n t l y  by C a e l l i  ( 1 9 7 9 ,1 9 8 0 ,1 9 8 1 ) .  From an 
e x t e n s i v e  s e r i e s  of e x p e r im e n ts  i n v o lv i n g  th e  p r o j e c t i o n s  o f  r o t a t i n g  vf
a n g le d  r o d s ,  s p i r a l s  and d o t  c y l i n d e r s ,  he has  d ev e lo p ed  a ne tw o rk
model f o r  b o th  t h e  KDE and a p p a r e n t  m o tio n .  The model u s e s  a  f i l t e r i n g
m echanism , t h e  bandw id th  o f  w hich  c o in c id e s  w i th  th e  s p a t i o t e m p o r a l  :4l i m i t s  o f  th e  p s y c h o p h y s i c a l  e f f e c t s  measured f o r  human o b s e r v e r s .  / |
A cco rd in g  t o  t h e  model t h e  v i s u a l  system  i n i t i a l l y  e x t r a c t s  th e  
g e o m e t r ic  p r o p e r t i e s  of s m a l l  r e g i o n s  o f  th e  t r a n s f o r m in g  p a t t e r n  and
Ii n t e r p r e t s  t h e  p r o j e c t i o n  v a lu e s  ( p e r s p e c t i v e )  o f  each  r e g i o n  w i th  
r e s p e c t  t o  th e  o b s e r v e r .  The p r o c e s s  i s  t im e  d e p e n d en t  and th e  t h r e e  (#
g e o m e t r ic  p a ra m e te r s  w hich  d e te r m in e  th e  s t r u c t u r e  of th e  o b j e c t ,
s l o p e ,  c u r v a t u r e  and t o r s i o n  a r e  d e te rm in e d  in  s e q u e n c e ,  t h e  l a t t e r  two *|
b e in g  d e te rm in e d  o n ly  up to  a  s i g n .  C a e l l i  has  shown t h a t  t h e  r o t a t i o n  
r a t e  m ust be u n d e r  2Hz f o r  a l l  p a ra m e te r s  to  be s u c c e s s f u l l y  e x t r a c t e d .
The a s su m p t io n s  o f  t h i s  model echo th o s e  g iv en  by J o h a n s s o n .  C a e l l i  
c o n c lu d e s  " t h a t  th e  v i s u a l  sy s te m  has  a p r i o r i t y  f o r  i n t e r p r e t i n g
p r o j e c t e d  2D im ages a s  c e n t r a l  p r o j e c t i o n s  and t h a t  t h e r e  i s  a t e n d e n c y  
( c o n s i s t e n c y )  to  p r e s e r v e  t h e  r i g i d i t y  of th e  ( r o t a t i n g )  r e c o n s t r u c t e d
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3D object" (Caelli, 1980)
From a r a t h e r  d i f f e r e n t  app ro ach  a v e ry  e l e g a n t  model of th e  
e x t r a c t i o n  o f  d e p th  from m o tio n  h a s  been deve loped  by Ullman (1979 )  and 
t h i s  model s h a re s  th e  i d e a s  o f  l o c a l  p r o c e s s in g  and r i g i d i t y  p r e f e r e n c e  
found  i n  C a e l l i ' s  m odel.  Working w i t h in  th e  a r t i f i c i a l  i n t e l l i g e n c e
%
p arad ig m , Ullman h as  p roduced  a c o m p u ta t io n a l  th e o r y  w hich has  l e d  to  a 
w ork ing  im p le m e n ta t io n  of  t h e  d e p th  e x t r a c t i n g  p r o c e s s .  The model 
t a k e s ,  a s  i n p u t ,  s t a t i c  v iew s o f  th e  p r o j e c t i o n  o f  d o t s  on th e  s u r f a c e  |
o f  a t h r e e - d i m e n s i o n a l  o b j e c t  a t  d i f f e r e n t  p o i n t s  d u r in g  a m o tio n  
t r a n s f o r m a t i o n  ( u s u a l l y  a  r o t a t i o n  of th e  o b j e c t ) .  I n i t i a l l y  a 
" c o r r e s p o n d e n c e "  p r o c e s s  m atch es  d o t s  i n  s u c c e s s iv e  images a n d ,  once  a 
m atch has  been  o b t a i n e d ,  a s im p le  s t r u c tu r e - f r o m - m o t io n  th eo rem  i s  
a p p l i e d  to  th e  image. The c o m p u ta t io n  i s  c a r r i e d  o u t  under  a s i n g l e  
c o n s t r a i n i n g  p r i n c i p l e ,  w hich Ullman c a l l s  th e  " r i g i d i t y  a s s u m p t io n " ,  g
w hereby , i f  a 2D s e t  of t r a n s f o r m in g  e le m en ts  has  a  u n iq u e  
I n t e r p r e t a t i o n  as a  r i g i d  body th e n  i t  i s  i n t e r p r e t e d  a s  s u c h .  The 
s t r u c tu r e - f r o m - m o t io n  theo rem  d e r iv e d  by U llm an, can  th e n  be 
s u c c e s s f u l l y  a p p l i e d ,  u n d e r  t h e  r i g i d i t y  c o n s t r a i n t ,  to  any 
t r a n s f o r m in g  p a t t e r n  and w i l l  d e te rm in e  i t s  u n d e r l y i n g  t h r e e -
d im e n s io n a l  s t r u c t u r e .  The theo rem  s t a t e s  t h a t  " g iv e n  t h r e e  d i s t i n c t  
v iew s o f  f o u r  n o n - c o p la n a r  p o i n t s  i n  a r i g i d  c o n f i g u r a t i o n ,  th e  
s t r u c t u r e  and m otion  c o m p a t ib le  w i th  th e  t h r e e  view s a r e  u n i q u e l y  
d e te r m in e d " .  U sing t h i s  th eo re m , t h e  s t r u c t u r e  i s  d e te rm in e d  up to  a 
r e f l e c t i o n  i n  th e  p r o j e c t i o n  p l a n e ,  because  o f  t h e  i n h e r e n t  a m b ig u i ty  
o f  th e  o r th o g r a p h ic  p r o j e c t i o n .  Fo r  t h e  more norm al c a se  o f  p o l a r
p r o j e c t i o n s ,  Ullman has  shown t h a t  t h e  c o m p u ta t io n  can  be c a r r i e d  o u t
l o c a l l y ,  on sm a l l  g roups  of f o u r  o r  more e le m e n ts ,  by a ssum ing




of each a r e a  has been d e te rm in e d  up to  a  s i g n ,  th e  o v e r a l l  s t r u c t u r e  
c a n  th e n  be v e r i d i c a l l y  computed by w ork ing  ou t th e  o v e r a l l  a x i s  o f  t h e  
p r o j e c t i o n .
The power o f  U l lm a n 's  a n a l y s i s  o f  th e  KDE l i e s  i n  th e  f a c t  t h a t  
he  has  made th e  p rob lem  f a c i n g  th e  v i s u a l  sys tem  f o r m a l l y  e x p l i c i t  and
Vh a s  p roved  t h a t  t h e  t h r e e - d i m e n s i o n a l  s t r u c u r e  can f e a s i b l y  be
com puted. M oreover, he  h a s  d e s ig n e d  a p a r t i c u l a r  a lg o r i t h m  which can 
im plem ent t h e  c o m p u ta t io n  and p roduce  th e  a p p r o p r i a t e  3D s t r u c u r e  when 
g iv e n  a t r a n s f o r m in g  2D p r o j e c t i o n  o f  a r o t a t i n g  o b j e c t .  On th e  o t h e r  
h a n d ,  i t  can  be s e r i o u s l y  doubted  t h a t  th e  s o l u t i o n  adop ted  by th e  
v i s u a l  sy s tem  i s  i n  any way s i m i l a r  to  th e  c o m p u ta t io n a l  s o l u t i o n  
o f f e r e d  by Ullm an. I t  seems more l i k e l y  t h a t ,  r a t h e r  t h a n  u s in g  s t a t i c  
v ie w s ,  th e  v i s u a l  sy s te m  would make u se  o f  i t s  a b i l i t y  to  e x t r a c t  th e  
d e r i v a t i v e s  of m o t io n .  P h y s i o l o g i c a l l y ,  th e  co d in g  of v e l o c i t y  
i n f o r m a t io n  seems to  be o f  p r im e  im nporta n c e  in  t h e  v i s u a l  sy s tem  and 
i t  seems l i k e l y  t h a t  v e l o c i t y  i n f o r m a t io n  would be d i r e c t l y  e x t r a c t e d  
a s  a  b a s i c  p r o c e s s in g  p a r a m e te r  ( G ru s s e r  and G r u s s e r - C o r n e h l s , 197 3 ) .  
M oreover ,  a s  d i s c u s s e d  be low , U l lm a n 's  p a r t i c u l a r  model i s  n o t  w e l l  S
s u i t e d  f o r  e x t r a c t i n g  d e p th  from p r o j e c t i o n s  o f  t r a n s l a t i n g ,  r a t h e r  ,4
th a n  r o t a t i n g ,  o b j e c t s .  F i n a l l y ,  how ever, U l lm a n 's  a l g o r i t h m  does seem
t o  p roduce  p e rfo rm a n c e s  w hich  a r e  s i m i l a r  to  th o s e  shown by human 
o b s e r v e r s .  I t  p r e d i c t s ,  f o r  exam ple, th e  p r e s e n c e  of p e r c e p t u a l  
r e v e r s a l s ,  t h e  number o f  d o t s  needed  to  p e r c e iv e  t h e  e f f e c t ,  and th e  
g r e a t e r  d i f f i c u l t y  o f  p e r c e i v i n g  d e p th  f o r  p la n e  s u r f a c e s .  I t  i s  n o t  
y e t  c l e a r  w h e th e r  i t  can  a l s o  p r e d i c t  th e  d e t a i l e d  g e o m e t r i c a l  and 
f i l t e r  c h a r a c t e r i s t i c s  o f  th e  KDE which have been  e m p i r i c a l l y  
d e te rm in e d  by C a e l l i .  W hatever  i t s  u l t i m a t e  e x p la n a to r y  v a l u e ,  
U l lm a n 's  work p r o v id e s  an i m p r e s s iv e  a n a l y s i s  o f  how d e p th  i n f o r m a t io n
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cou ld  be p e r c e iv e d  from t r a n s f o r m in g  tw o -d im e n s io n a l  p a t t e r n s .
31
2 .4  M otion  p a r a l l a x  t r a n s f o r m a t i o n s .
The l a r g e  amount of  r e s e a r c h  which has  been c a r r i e d  o u t  on th e  
K i n e t i c  D epth E f f e c t  h a s ,  i n  a  few c a s e s ,  l e d  to  s i m i l a r  e x p e r im e n ts  on 
t r a n s f o r m a t i o n s  which p r o v id e  in f o r m a t io n  more s i m i l a r  to  t h a t  p ro v id e d  
by th e  t r a d i t i o n a l  d e p th  cue of m otion p a r a l l a x .  Most n o t a b l y ,  
B r a u n s te i n  h a s  lo o k ed  a t  t h e  p e r c e p t i o n  o f  d e p th  i n  com puter  g e n e ra te d  
p r o j e c t i o n s  o f  o b j e c t s  t r a n s l a t i n g  a c r o s s  th e  o b s e r v e r ' s  l i n e  o f  s i g h t .
He found , f o r  exam ple , t h a t  t h e  tw o -d im e n s io n a l  p r o j e c t i o n  o f  d o t s  I
b e lo n g in g  to  a t r a n s l a t i n g  c y l i n d e r  e l i c i t e d  s t r o n g  d e p th  im p r e s s io n s  
( B r a u n s t e in ,  1966) and a l s o  showed t h a t ,  f o r  s l a n t e d  p l a n e s ,  a v e l o c i t y  
g r a d i e n t  was much more e f f e c t i v e  i n  d e te rm in in g  p e rc e iv e d  d e p th  t h a n  a 
t e x t u r e  g r a d i e n t  ( B r a u n s t e i n ,  196 8 ) .  In  bo th  c a s e s ,  th e  f r o n t / b a c k  
d e p th  r e l a t i o n s h i p  o f  t h e  p e rc e iv e d  th r e e - d im e n s io n a l  s t r u c t u r e  was 
sometim es am biguous, even though  p o l a r  p r o j e c t i o n s  were used in  t h e s e  
e x p e r im e n t s .  P o l a r  p r o j e c t i o n s  were used h e re  b e c au se  a p a r a l l e l  
p r o j e c t i o n  o f  a  t r a n s l a t i n g  o b j e c t  does n o t  c o n ta i n  d i f f e r e n t i a l  -s
v e l o c i t i e s  and i s  n o t  p e r c e iv e d  as t h r e e - d im e n s io n a l  ( B r a u n s t e i n ,
1966 ) .
More r e c e n t l y ,  F a r b e r  and McConkie (1979) looked  a t  d o t  p a t t e r n s  
c o n ta i n in g  g r a d i e n t s  o f  v e l o c i t i e s  which a p p ro x im a te ly  s im u la te d  two 
s l a n t e d  p l a n e s  m ee t in g  a t  a  h o r i z o n t a l  a n g le ,  which was e i t h e r  tow ard  
o r  away from th e  o b s e r v e r .  They found t h a t  th e  o b s e r v e r s  were u n a b le  
t o  r e p o r t  w h e th e r  th e  two s u r f a c e s  formed a concave o r  a convex a n g le  
and c o nc luded  t h a t  m o tion  p a r a l l a x  was an i n e f f e c t i v e  s o u rc e  o f  d e p th  
i n f o r m a t io n .  However, t h e  a c t u a l  p a t t e r n s  used i n  t h i s  s tu d y ,  a c t u a l l y
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^4s im u l a t e  t h e  r a t h e r  s t r a n g e  c a se  of  p la n e s  m ee t in g  a t  i n f i n i t y .
M o reover ,  t h e  l o g i c  beh ind  th e  e x p e r im e n t  has  been  s t r o n g l y  c r i t i c i s e d
by P razd n y  ( 1 9 8 1 ) .
I n  a more d e t a i l e d  and c o n t r o l l e d  s tu d y ,  B r a u n s t e i n  and A ndersen  
(1981)  have  shown t h a t  h ig h  a c c u r a c y  f o r  r e l a t i v e  d e p th  judgem ents  can 
be a c h ie v e d  u s in g  v e ry  s i m i l a r  v e l o c i t y  p a t t e r n s .  They found t h a t
o v e r a l l  d o t  speed  i n c r e a s e d  th e  a c c u ra c y  o f  d e p th  ju d g em e n ts .  They
s u g g e s t  t h a t  F a r b e r  and M cC onkie 's  s i t u a t i o n  was n o t  o p t im a l  i n  term s 
o f  e i t h e r  t h e  speed and d u r a t i o n  of t h e  s t i m u l i  o r  th e  f i x a t i o n  
c o n d i t i o n s  and a l s o  b e c au se  o f  t h e  p r e s e n c e  o f  c o n f l i c t i n g  i n d i c a t i o n s  
o f  f l a t n e s s  i n  t h e  d i s p l a y .  B r a u n s t e i n  and A nderson  a l s o  n o te d  t h a t ,  
i n  t h e i r  e x p e r im e n t ,  t h e  p e r c e iv e d  d ep th  s u r f a c e  o f t e n  a ppeared  to  
r o t a t e  a s  w e l l  a s ,  o r  i n s t e a d  o f ,  t r a n s l a t i n g .  T h is  p e r c e iv e d  r o t a t i o n  
o c c u r r e d  i n  two d i f f e r e n t  s i t u a t i o n s .  I n  th e  f i r s t ,  t h e  o r d e r  of 
r e l a t i v e  d e p th  was c o r r e c t l y  p e r c e iv e d  and a  s m a l l  p e r c e iv e d  r o t a t i o n  
accom panied  th e  t r a n s l a t i o n  o f  t h e  o b j e c t .  T h is  e f f e c t  a p p eared  to  be 
due to  an  u n d e r e s t i m a t i o n  o f  t h e  e x t e n t  o f  t h e  i n t e r n a l  dep th  w i t h i n  
t h e  o b j e c t .  In  th e  o t h e r  c a s e ,  th e  d e p th  o r d e r  was i n c o r r e c t l y  
p e r c e iv e d  and th e  s u r f a c e  a p p e a re d  to  undergo  a l a r g e  r o t a t i o n  i n  th e  
o p p o s i t e  d i r e c t i o n  to  t h e  a c t u a l  t r a n s l a t i o n .  H ere ,  r o t a t i o n  was o f t e n  
accom panied  by th e  p e r c e p t i o n  o f  form change such  t h a t  t h e  s u r f a c e s  
a p p e a re d  to  d i s t o r t  as  th e y  moved. In  t h i s  l a t t e r  c a s e  t h e  t r a n s l a t i n g  y 
d o t s  a p p e a re d  to  be due to  an o b j e c t  r o t a t i n g  i n  d e p th ,  a s  i n  t h e  KDE, 
and w ere  n o t  p e rc e iv e d  as  b e lo n g in g  to  a  t r a n s l a t i n g  o b j e c t .  I n  t h i s  
r e s p e c t ,  i t  seems t h a t  e x p e r im e n ta l  c o n d i t i o n s  w hich em phasise  th e  
l i n e a r  r a t h e r  th a n  s i n u s o i d a l  v e l o c i t i e s  o f  th e  d o t s  f a v o u r  th e  c o r r e c t  
p e r c e p t i o n  of r e l a t i v e  o r d e r  and t r a n s l a t i o n ,  s in c e  i t  i s  th e s e  
v e l o c i t i e s  w hich  s p e c i f y  t h a t  a  t r a n s l a t i o n  r a t h e r  t h a n  a r o t a t i o n  i s
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o c c u r in g .  B r a u n s t e i n  found t h a t  such c o n d i t i o n s  were l a r g e  o v e r a l l
d i s p l a y  v e l o c i t i e s  and a low r a t i o  betw een th e  r e l a t i v e  v e l o c i t y  o f  th e  
f a s t e s t  and s lo w e s t  moving d o t s  and th e  o v e r a l l  t r a n s l a t i o n  v e l o c i t y .
I t  seems v e ry  l i k e l y  t h a t  some o f  th e  d i s c r e p a n c i e s  among e a r l i e r  
s t u d i e s ,  p a r t i c u l a r l y  w i th  r e s p e c t  to  judgem ents of r e l a t i v e  d e p th  
o r d e r ,  w ere  due to  t h e s e  te m p o ra l  f a c t o r s .
The p e r c e p t u a l  e f f e c t  of t r a n s f o r m a t io n s  accom panying
t r a n s l a t i o n  o f  t h r e e - d i m e n s i o n a l  o b j e c t s  a r e  v e ry  s i m i l a r  to  th o s e  
found i n  t h e  KDE, and we c an  p e rh a p s  look  f o r  s i m i l a r  m odels f o r  t h e  
two ty p e s  o f  e f f e c t .  A l th o u g h  U l lm a n 's  c o m p u ta t io n a l  model o f  t h e
e x t r a c t i o n  of d e p th  from  m otion  i s  a  g e n e ra l  model w hich s h o u ld  be 
a p p l i c a b l e  to  any ty p e  o f  2D t r a n s f o r m a t i o n ,  i t  was p r i m a r i l y  d e s ig n e d  
t o  h a n d le  t h e  p e r s p e c t i v e  t r a n s f o r m a t i o n s  which accompany r o t a t i o n  o f  
an  o b j e c t .  I n  t h e o r y  i t  can  h a n d le  t r a n s f o r m a t io n s  which accompany an 4
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o b j e c t ' s  t r a n s l a t i o n ,  i n  d e p th  o r  a lo n g  a l i n e  o r th o g o n a l  to  th e  l i n e  
o f  s i g h t ,  b u t  i n  p r a c t i c e  t h e  p o l a r - p a r a l l e l  s t r u c t u r e  from m o tio n  
theo rem  would o n ly  work w e l l  i n  t h e s e  c a se s  f o r  l a r g e  t e x t u r e d  o b j e c t s  
u n d e rg o in g  l a r g e  t r a n s l a t i o n s .  T h is  i s  be c au se  o f  t h e  need to
o b t a i n  t h r e e  " d i s t i n c t "  v iew s o f  t h e  o b j e c t ,  t h a t  i s ,  w i th  e ach  v iew  
from a d i f f e r e n t  p l a n e .  T h is  would im ply t h a t  d e p th  i s  p e r c e iv e d  more 
r e a d i l y  from r o t a t i o n  th a n  t r a n s l a t i o n  t r a n s f o r m a t i o n s .  I t  does  seem to  
be th e  c a se  t h a t  t h e  3D s t r u c t u r e  o f  an o b j e c t  i s  h a rd  to  d e te r m in e  
from p e r c e iv i n g  d o t s  t r a n s l a t i n g  i n  d e p th  a lo n e  ( B r a u n s t e in ,  1976) even  
though  im p o r ta n t  i n f o r m a t io n  a b o u t  t h e  o b j e c t s  movement w i th  r e s p e c t  to  
t h e  o b s e rv e r  can  be e x t r a c t e d  s u c c e s s f u l l y  i n  t h i s  s i t u a t i o n  (Regan and 
B e v e r le y ,  1 9 7 9 ) .  However, t r a n s l a t i o n  p e r p e n d i c u l a r  to  t h e  l i n e  o f  
s i g h t ,  t h a t  i s  t r a d i t i o n a l  p a s s i v e  m otion  p a r a l l a x ,  does seem to  
p r o v id e  good i n f o r m a t io n  a b o u t  t h e  d e p th  s t r u c t u r e  o f  o b j e c t s ,  a t  l e a s t
33
i n  some c a s e s .  The a l t e r n a t i v e  " d i r e c t  p e r s p e c t i v e "  method f o r  
r e c o v e r i n g  s t r u c u r e  from m o tio n  which Ullman o f f e r s ,  would seem t o  be 
more a p p l i c a b l e  t o  th e  c a s e  o f  m o tio n  p a r a l l a x .  A lthough  t h i s  method 
i s  n o t  dev e lo p ed  v e ry  f a r  by U llm an , i t  i s  s i m i l a r  t o  some of  t h e  more 
g e n e r a l  a n a ly s e s  o f  m o tio n  p e r s p e c t i v e  to  be d i s c u s s e d  below.
P e rh a p s  t h e  g r e a t e s t  c r i t i c i s m  o f  t h e o r i e s  of th e  d e p th  from 
m o tio n  p r o c e s s  w hich a r e  based  on th e  KDE, i s  t h a t  th e y  have moved away 
from  a c o n s i d e r a t i o n  o f  t h e  o v e r a l l  m o tio n  p e r s p e c t i v e  t h a t  accom pan ies  
movement o f  an o b s e r v e r  i n  th e  everyday  e n v iro n m en t .  I n  t h i s  
s i t u a t i o n ,  t h e  whole v i s u a l  a r r a y  t r a n s f o r m s  as  th e  o b s e rv e r  moves, and 
p r o v id e s  i n f o r m a t io n  f o r  t h e  c o n t r o l  o f  a c t i v i t y  i n  an e n v iro n m en t  
where s u r f a c e s  and l a r g e  o b j e c t s  a r e  g e n e r a l l y  f i x e d .  A l th o u g h  
i n f o r m a t io n  abou t  d e ta c h e d  t r a n s l a t i n g  and r o t a t i n g  o b j e c t s  w i l l  
o b v io u s ly  be of g r e a t  im p o r ta n c e ,  and ou r  a b i l i t y  to  use  t h i s  
i n f o r m a t io n  i s  v e ry  p r e c i s e  (Lee 1 9 8 0 ) ,  i t  seems l i k e l y  t h a t  t h e  v i s u a l  
s y s te m  w i l l  have a l s o  d e v e lo p e d  t e c h n iq u e s  f o r  u s in g  th e  i n f o r m a t io n  
w hich  accom pan ies  s e lf -m o v e m e n t  in  an e s s e n t i a l l y  s t a t i o n a r y  w o r ld .  
From t h i s  v ie w p o in t ,  s e v e r a l  s t u d i e s  have a t te m p te d  to  p r o v id e  a 
g e n e r a l ,  d e t a i l e d ,  g e o m e t r i c a l  a n a l y s i s  o f  t h e  i n f o r m a t io n  a v a i l a b l e  to  
a  moving o b s e r v e r ,  and s e v e r a l  such a n a ly s e s  a r e  now ^ a v a i la b le  
(Nakayama and Loomis, 1974; K oen d e r in k  and van D oom , 1976; C l o c k s in ,  
1980b; L o n g u e t -H ig g in s  and P ra z d n y ,  1 9 8 0 ) .  The e m p i r i c a l  d a t a ,  a s  we 
have  s e e n ,  a r e  e q u iv o c a l  a n d ,  a t  p r e s e n t ,  t h e r e  has  n o t  been s u f f i c i e n t  
r e s e a r c h  to  e v a l u a t e  t h e s e  r e c e n t  models b u t  th e y  have i n c r e a s e d  
u n d e r s t a n d in g  o f  th e  ty p e s  o f  v i s u a l  p r o c e s s e s  t h a t  m igh t be i n v o lv e d  
i n  p r o c e s s in g  d e p th  i n f o r m a t i o n  from m o tion  t r a n s f o r m a t i o n s .
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2 .5  M a th e m a t ic a l  a n a ly s e s  o f  o p t i c  f lo w . %
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The movement o f  an  o b s e r v e r  i n  t h e  en v iro n m en t i s  accom panied  by J-
a f low  o f  d i f f e r e n t i a l  v e l o c i t i e s  w h ich , a f t e r  G ib so n ,  has  been  c a l l e d  
m o tion  p e r s p e c t i v e  o r  o p t i c  f lo w .  For lo c o m o tio n  p a r a l l e l  to  a p l a n e  
s u r f a c e ,  t h e  r e l a t i v e  a n g u la r  v e l o c i t y  betw een  any two p o i n t s  on th e  
s u r f a c e  i s  i n v e r s e l y  r e l a t e d  to  th e  d i s t a n c e  betw een them , as H e lm ho ltz  liIs u g g e s te d .  However, i n  g e n e r a l ,  th e  g r a d i e n t s  of  v e l o c i t y  a r e  %
c o m p l ic a te d  by th e  p r e s e n c e  o f  a  r a d i a l  e x p a n s io n ,  t h e  c e n t r e  o f  w hich 
c o r r e s p o n d s  to  t h e  I n t e r s e c t i o n  betw een th e  o b s e r v e r ' s  l i n e  o f  
lo co m o tio n  and th e  a p p ro a c h in g  s u r f a c e .  H ence, th e  p a t t e r n  o f  
v e l o c i t i e s  i s  d e te rm in e d  b o th  by th e  d i r e c t i o n  o f  th e  o b s e r v e r ' s  
lo co m o tio n  and th e  s l a n t  o f  th e  s u r f a c e  and c a n ,  t h e r e f o r e ,  p r o v id e  
in f o r m a t io n  ab o u t  bo th  t h e s e  p a r a m e te r s .  S e v e ra l  m a th e m a t ic a l  a n a ly s e s  
o f  th e  r e l a t i o n s h i p  betw een  v e l o c i t y  f low  and 3D s t r u c t u r e  have  now 
been  d e r i v e d .
The s i t u a t i o n  o f  lo c o m o tio n  tow ards  a p la n e  s u r f a c e  was a n a ly s e d  
i n  t h e  f i r s t  m a th e m a t ic a l  d e s c r i p t i o n  o f  o p t i c  f low  by G ib so n ,  Olum and É
R o s e n b l a t t  ( 1 9 5 5 ) .  They d e s c r ib e d  th e  o p t i c  f lo w  p r e s e n t  f o r  an
o b s e r v a t i o n  p o i n t  moving i n  a c o n s t a n t  l i n e a r  d i r e c t i o n  tow ard  a l a r g e
t e x t u r e d  f i x e d  p l a n e .  They showed t h a t  s e v e r a l  s im p le  p r o p e r t i e s  o f  S
th e  env ironm en t a r e  r e p r e s e n t e d  i n  t h e  o p t i c  f low  i n  a s t r a i g h t f o r w a r d  
way and t h e r e f o r e  i t  m igh t be p o s s i b l e  f o r  th e  v i s u a l  sy s tem  to  p e rfo rm  
th e  r e v e r s e  o p e r a t i o n  of u s in g  o p t i c  f low  p r o p e r t i e s  to  g a in  
i n f o r m a t io n  ' ab o u t  t h e  e n v iro n m e n t .  In  p a r t i c u l a r ,  t h e y  showed t h a t  i t
sh o u ld  be p o s s i b l e  t o  e x t r a c t  th e  r e l a t i v e  d ep th  of p o i n t s  on an
a p p ro a c h in g  s u r f a c e  and t h a t ,  a l th o u g h  th e  o b s e r v e r s  speed  and r a n g e  
a r e  i n t e r d e p e n d e n t ,  t h e  amount of t im e  b e f o r e  t h e  o b s e rv e r  makes
' a
4c o n ta c t  w i th  t h e  p l a n e ,  can  be computed d i r e c t l y  from th e  f lo w  
p a r a m e t e r s .  T h is  p a p e r  was im p o r ta n t  as an i n i t i a l  d e s c r i p t i o n  o f  
o p t i c  f lo w , how ever ,  i t  f a i l e d  to  p ro v id e  d e t a i l s  of how th e  s u g g e s te d  
e n v iro n m e n ta l  p r o p e r t i e s  c o u ld  be e x t r a c t e d  from th e  o p t i c  f lo w , and 
in d e e d ,  o f  w h e th e r  th e y  c o u ld  i n  p r i n c i p l e  be s p e c i f i e d  by o p t i c  f lo w  
a l o n e ,  f o r  a human o b s e r v e r .  I n  a d d i t i o n ,  th e  range  o f  a p p l i c a b i l i t y  
o f  th e  a n a l y s i s ,  f o r  exam p le ,  w h e th e r  i t  would a l s o  a p p ly  t o  th e  c a se  
o f  a f r e e l y  moving o b s e r v e r  in  a n o n -p la n a r  e n v iron m en t was n o t  
d e te rm in e d .
I n  1974, Lee p ro v id e d  a more r ig o r o u s  m a th e m a t ic a l  d e r i v a t i o n  o f  il
o p t i c  f lo w  f o r  t h e  c a s e  o f  l i n e a r  m otion  i n  a  f i x e d  t e x t u r e d  
e n v iro n m e n t .  He d e m o n s t ra te d  t h a t  range  to  a  p o in t  was s p e c i f i e d  up to  
a s c a l e  f a c t o r  and a l s o  p o i n t e d  o u t  t h a t  th e  b o u n d a r ie s  be tw een o b j e c t s  
a t  d i f f e r e n t  d e p th s  p ro d u ced  d i s c o n t i n u i t i e s  i n  th e  o p t i c  f lo w  w i th  
p r o g r e s s i v e  o c c l u s i o n  and d e l e t i o n  o f  t e x t u r e  e le m e n ts .  L e e 's  e m phas is  S
was on th e  i n f o r m a t i o n  i n  o p t i c  f lo w  which would a l lo w  an o b s e r v e r  to  
c o n t r o l  lo c o m o tio n  i n  t h e  e n v i ro n m e n t ,  r a t h e r  th an  on i n f o r m a t io n  a b o u t  
t h r e e - d i m e n s i o n a l  s t r u c t u r e .  He dem o n s tra ted  t h a t  b o d y - s c a le d  
i n f o r m a t io n  a b o u t  s e l f  v e l o c i t y  and a c c e l e r a t i o n  i s  p o t e n t i a l l y  -I
a v a i l a b l e ,  t h a t  i s ,  i n f o r m a t io n  e x p re s s e d  in  u n i t s  such  as  th e  
o b s e r v e r s  eye h e ig h t  above th e  g round . Lee a l s o  i d e n t i f i e d  a s im p le  
o p t i c  v a r i a b l e ,  t a u ,  w hich  i s  t h e  i n v e r s e  o f  th e  r a t e  of d i l a t i o n  of 
t h e  f low  a t  a p o i n t .  T h is  v a r i a b l e  d i r e c t l y  s p e c i f i e s  t h e  t im e  to  
c o n ta c t  w i th  t h e  e n v i r o n m e n ta l  p o i n t  i n  t h a t  d i r e c t i o n ,  p ro v id e d  t h a t  =
'<s
t h e  c u r r e n t  v e l o c i t y  o f  t h e  o b s e rv e r  i s  m a in ta in e d .  Lee h a s  s i n c e  
d e m o n s t ra te d  t h a t  t h i s  v a r i a b l e  c o u ld  p o t e n t i a l l y  be used to  c o n t r o l  
v i s u a l l y - g u i d e d  a c t i v i t y  such  a s  d i v i n g ,  long-jum pim g and d r i v i n g ,  and 
t h e  e m p i r i c a l  e v id e n c e  s u g g e s t s  t h a t  human o b s e rv e r s  do, i n  f a c t ,
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I n  a  r a t h e r  d i f f e r e n t  ty p e  o f  a n a l y s i s ,  u s in g  d i f f e r e n t i a l ,  
v e c t o r  geo m etry ,  K oender ink  and van Doom  (1976) have shown t h a t  
s e v e r a l  a s p e c t s  of  t h e  l o c a l  s t r u c t u r e  o f  th e  o p t i c  f low  a r e  r e l a t i v e l y  
s im p le  to  compute u s in g  l o c a l  m echanism s. I n  p a r t i c u l a r ,  th e y  show 
t h a t  com puting  th e  d e f o r m a t io n ,  d iv e r g e n c e  and c u r l  o f  th e  l o c a l  f low  
f i e l d  c o u ld  be a cco m p lish ed  r e l a t i v e l y  e a s i l y  by such  m echanism s, and 
t h a t  c o m b in a t io n s  o f  t h e s e  c o m p u ta t io n s  c o u ld  p r o v id e  s u f f i c i e n t
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r e g i s t e r  and u se  t h i s  v a r i a b l e  (L ee ,  1 9 7 6 ,1 9 8 0 ) .  Because o f  h i s  
s p e c i f i c  i n t e r e s t  i n  v i s u a l l y  g u id ed  a c t i v i t y ,  L e e 's  a n a l y s i s  i s  n o t  1|
c o n c e rn e d  w i t h  how o p t i c  f lo w  m igh t  s p e c i f y  t h r e e - d i m e n s i o n a l  s t r u c t u r e ,  ,5|
w h ich  i s  t h e  a s p e c t  of f lo w  o f  p r im a ry  i n t e r e s t  h e r e .  A pa r t  from th e 'j:
r a n g e  to  a p o i n t ,  which may n o t  be a u s e f u l  m easurem ent in  i t s e l f ,  he  q
does  n o t  s p e c i f y  how s u r f a c e  s t r u c t u r e  c o u ld  be com puted, f o r  exam ple, 
by  d e te r m in in g  t h e  s lo p e  o f  t h e  s u r f a c e  a t  any p o i n t  o r  t h e  d e p th  edges 
be tw een  o b j e c t s .
T h is  a s p e c t ,  how ever, was c o n s id e r e d  by Nakayama and Loomis 
( 1 9 7 4 ) ,  who, a s  w e l l  as  p r o v id i n g  t h e i r  own d e r i v a t i o n  of  o p t i c  f lo w , 
went beyond t h i s  to  c o n s id e r  how d e p th  b o u n d a r ie s  be tw een  o b j e c t s  co u ld  
be d e te r m in e d .  They s u g g e s te d  t h a t  t h i s  c o u ld  be done by " c o n v e x i ty "  
m echanism s which computed th e  d i f f e r e n c e  i n  v e l o c i t y  betw een  l o c a l  
a r e a s  and t h e i r  s u r r o u n d s .  T h is  i d e a  o f  s im p le  l o c a l  mechanisms
d e t e c t i n g  v e l o c i t y  d i f f e r e n c e s  o v e r  l o c a l  a r e a s  h a s  p roved  im p o r ta n t  i n  
many r e c e n t  m odels .  I f  th e  s t r u c t u r e  o f  th e  f low  f i e l d  over  a l o c a l  #
a r e a  can  p r o v id e  i n f o r m a t io n  a b o u t  t h e  d e p th  edges w i t h i n  t h a t  a r e a ,  
w hich can  th e n  be po o led  w i th  i n f o r m a t io n  from th e  r e s t  o f  th e  f i e l d ,  5|
t h e n  f a i r l y  s im p le  p h y s i o l o g i c a l  mechanisms co u ld  pe rfo rm  th e  b a s i c  
p r o c e s s i n g  needed  to  e x t r a c t  s t r u c t u r e  from o p t i c  f lo w .
i n f o r m a t io n  to  s p e c i f y  th e  s u r f a c e  o r i e n t a t i o n  a t  any p o i n t  in  t h e  
e n v i ro n m e n t .  I n  a d d i t i o n ,  t h e s e  a s p e c t s  of l o c a l  s t r u c t u r e  a r e  
i n v a r i a n t  w i th  r e s p e c t  to  r o t a t i o n  o f  th e  f low  f i e l d  and a r e  
p a r t i c u l a r l y  u s e f u l  b e c a u s e  th e y  can  e x t r a c t  d e p th  i n f o r m a t io n  even  
when th e  o b s e r v e r  i s  moving a lo n g  a c u r v i l i n e a r  p a th  and making 
r o t a t i o n a l  eye m ovem ents. T h is  a n a l y s i s  i s  a p p l i c a b l e ,  t h e r e f o r e ,  to  a 
more g e n e r a l  c a s e  o f  o b s e r v e r  m o tio n  i n  th e  env ironm en t th a n  a r e  th o s e  
d i s c u s s e d  p r e v i o u s l y .  I t  i s  im p o r ta n t  to  n o t e ,  how ever, t h a t  t h i s  
i n v a r i a n c e  w i t h  r e s p e c t  to  r o t a t i o n  of th e  f low  f i e l d  i s  on ly  
a p p l i c a b l e  i f  t h e  p r o j e c t i o n  c o o r d i n a t e s  o f  th e  computed o p t i c  f low  a r e  
o r i e n t e d  so t h a t  t h e  d i r e c t i o n  o f  t h e  c o o r d i n a te  fram e i s  known w i th  
r e s p e c t  to  t h e  o b s e r v e r ’s d i r e c t i o n  o f  m o tio n .  T h is  means t h a t  to  u se  
o p t i c  f lo w  i n  t h e  g e n e r a l  c a se  o b s e r v e r s  would have to  d e te r m in e  t h e i r  
i n s t a n t a n e o u s  d i r e c t i o n  o f  movement p r i o r  to  com puting  t h r e e -  
d im e n s io n a l  s t r u c t u r e .  In  a d d i t i o n ,  K oenderink  and van  D oom  (1975) 
have  shown t h a t  even f o r  th e  c a se  o f  an env ironm en t c o n ta i n in g  moving 
o b j e c t s ,  e x t r a c t i n g  th e  d e f o r m a t io n ,  d iv e rg e n c e  and c u r l  o f  th e  f low  
f i e l d  would s t i l l  be c o m p u t a t i o n a l l y  u s e f u l ,  and m o reove r,  th e y  show 
t h a t  th e  s i n g u l a r i t i e s  i n  t h e  o p t i c  f lo w ,  such as  p e a k s ,  s a d d le  p o i n t s  
and s p e c u l a r  p o i n t s ,  p r o v id e  a  t o p o l o g i c a l  map of th e  e n v iro n m e n t .  
K oende r ink  and van D o o m 's  work p r o v id e s  t h e  most co m p le te  d e s c r i p t i o n  
o f  how th e  l a y o u t  o f  t h e  e n v iro n m en t  i s  r e p r e s e n t e d  i n  t h e  s t r u c t u r e  of 
o p t i c  f lo w .  The way i n  w hich t h e  o p t i c  f low  m igh t a c t u a l l y  be r e l a t e d  
back to  th e  e n v i r o n m e n ta l  s t r u c t u r e  i s ,  however, o n ly  d i s c u s s e d  
s u p e r f i c i a l l y ,  so t h a t ,  a l th o u g h  i t  i s  c l e a r  t h a t  t h e  o p t i c  f low  f i e l d  
c o u ld  be a v e ry  r i c h  s o u rc e  o f  v i s u a l  i n f o r m a t io n ,  t h e  d e t a i l s  o f  how 
t h i s  i n f o r m a t io n  m ig h t  be e x t r a c t e d  u s in g  l o c a l  p r o c e s s in g  mechanisms 
a r e  n o t  p r o v i d e d .
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More r e c e n t l y ,  C lo c k s in  (1980a, 1980b) has  d e v e lo p e d  a
c o m p u ta t io n a l  model f o r  p r o c e s s i n g  in f o r m a t io n  from o p t i c  f lo w , w here 
t h e  a p p l i c a b i l i t y  o f  t h e  model t o  t h e  human v i s u a l  sy s tem  i s  c a r e f u l l y  
c o n s id e r e d .  U sing th e  s i m p l i f i e d  c a se  o f  an o b s e rv e r  t r a n s l a t i n g  i n  a 
f i x e d  e n v i ro n m e n t ,  he has  d e r iv e d  a method whereby th e  s l a n t  o f  a 
s u r f a c e  a t  any p o i n t  can  be computed and he h a s  shown how, from t h i s  
i n f o r m a t i o n ,  a  r e l a t i v e  d e p th  map o f  th e  env ironm en t can be p r o d u c e d .  
The l o c a t i o n  and ty p e  o f  d e p th  edges  i n  th e  env ironm en t can th e n  be 
computed from a d i f f e r e n t i a l  a n a l y s i s  o f  th e  r e l a t i v e  d e p th  map. The 
o r i g i n a l  and im p o r ta n t  c o n t r i b u t i o n  o f  t h i s  s tu d y  i s  t h a t  C lo c k s in  has  
a l s o  p ro v id e d  d e t a i l s  o f  a  s im p le  p h y s i o l o g i c a l  model which co u ld  c a r r y  
o u t  th e  n e c e s s a r y  c o m p u ta t io n s  and has  im plem ented th e  model on a 
c o m p u te r ,  u s in g  an a l g o r i t h m  w hich h a s ,  so f a r ,  p roduced  r e s u l t s  
c o m p a t ib le  w i th  t h e  l i m i t e d  e m p i r i c a l  d a t a .
A d i f f e r e n t  c o m p u ta t io n a l  model by P razdny  (1980) has  a l s o  been  
im plem ented  and a g a in  p roduced  r e s u l t s  c o m p a t ib le  w i th  th o s e  o b t a in e d  
from human o b s e r v e r s .  T h is  a n a l y s i s  cove rs  th e  g e n e ra l  c a s e  o f  
c u r v i l i n e a r  m o tio n  th ro u g h  a  r i g i d  e n v iro n m e n t ,  and P razdny  has  shown 
t h a t  a l l  t h e  p a r a m e te r s  o f  th e  o b s e rv e r s  own m otion  ( sp e e d  and 
d i r e c t i o n )  can  be computed from  l o c a l  ne ig h b o u rh o o d s  o f  f i v e  p o i n t s  i n  
an  i n s t a n t a n e o u s  v e l o c i t y  f i e l d .  Once th e  d i r e c t i o n  of  t h e  o b s e r v e r s  
m o tio n  has  been  d e te rm in e d  th e n  th e  r e l a t i v e  d e p th  map, and , f i n a l l y ,  
l o c a l  s u r f a c e  o r i e n t a t i o n  can be com puted. In  th e  com puter s i m u l a t i o n ,  
l a r g e  n e ig h b o u rh o o d s ,  d e n s e ly  t e x t u r e d  e n v iro n m en ts  and r e a s o n a b l e  
v e l o c i t i e s  o f  o b s e r v e r  m o tio n  p roduced  th e  most a c c u r a t e  r e s u l t s .  T h is  
model i s  p r i m a r i l y  c o n cern ed  w i th  d e te rm in in g  th e  p a ra m e te r s  o f  
egom otion  from o p t i c  f lo w  r a t h e r  th a n  p l a c i n g  th e  em phasis  on t h e  
e x t r a c t i o n  o f  s t r u c t u r a l  i n f o r m a t i o n .
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F i n a l l y ,  a s o p h i s t i c a t e d  m a th e m a t ic a l  s tu d y  has  been
c a r r i e d  ou t  by L o n g u e t -H ig g in s  and P razdny  ( 1 9 8 0 ) .  They d e r i v e  an 
o r i g i n a l  m a th e m a t ic a l  f o r m u la t io n  f o r  th e  c a se  of  g e n e r a l  m o tio n  
th ro u g h  a f i x e d  e n v i ro n m e n t .  F i r s t l y ,  th e y  show t h a t ,  g e n e r a l l y ,  t h e  |
v e l o c i t y  f lo w  f i e l d  c o n t a i n s  b o th  a t r a n s l a t i o n a l  and r o t a t i o n a l  
com ponent. I n  o r d e r  t o  d e te rm in e  th e  u n d e r ly in g  e n v i ro n m e n ta l  
s t r u c t u r e ,  which can  be computed from th e  t r a n s l a t i o n a l  component, i t  
i s  n e c e s s a r y  to  have some means o f  e x t r a c t i n g  th e  r o t a t i o n a l  component 
from  th e  o v e r a l l  f lo w .  To do t h i s ,  t h e  d i r e c t i o n  o f  t r a n s l a t i o n  must 
be  o b t a i n e d ,  and th e y  s u g g e s t  t h a t  t h i s  can be done by lo o k in g  a t  t h e  
r e l a t i v e  a n g u la r  v e l o c i t y  be tw een  th e  p r o j e c t i o n s  o f  two p o i n t s ,  a t
d i f f e r e n t  d i s t a n c e s  b u t  i n  ro u g h ly  t h e  same v i s u a l  d i r e c t i o n .  T h e i r  
a n a l y s i s  can  be e x te n d e d  t o  d e a l  w i th  an e n v iro n m en t  o f  moving o b j e c t s  
i f  a  s e p a r a t e  c o m p u ta t io n  o f  s t r u c t u r e  i s  c a r r i e d  o u t  on each  o b j e c t .
I n  g e n e r a l ,  th e y  d e m o n s t r a te  t h a t  i t  i s  p o s s i b l e  to  compute t h e  |
r e l a t i v e  m otion  of an  o b j e c t  and th e  shape  of t h e  s u r f a c e  o f  t h e  
o b j e c t ,  from th e  f i r s t  and second  s p a t i a l  d e r i v a t i v e s  o f  th e  v e l o c i t y  
f i e l d  i n  t h e  n e ig h b o u rh o o d  o f  t h e  p r o j e c t i o n  o f  a  p o i n t  on th e  o b j e c t .
I n  t h i s  a n a l y s i s ,  t h e r e f o r e ,  t h e  l o c a l  s u r f a c e  s t r u c t u r e  of  th e  o b j e c t  
i s  computed d i r e c t l y  and n o t  s u b s e q u e n t  t o  t h e  c o m p u ta t io n  o f  r e l a t i v e  
d e p th  as  i n  many o f  t h e  p r e v i o u s  a n a ly s e s  t h a t  have been d i s c u s s e d .
S in c e  t h e  a n a l y s i s  depends on th e  e x t r a c t i o n  of  f i r s t  and second
s p a t i a l  d e r i v a t i v e s  a t  a  p o i n t ,  p l a n a r  s u r f a c e s  p r e s e n t  a s p e c i a l
p ro b lem  a s  h e r e  th e  second  d e r i v a t i v e  i s  z e r o .  However, i n  g e n e r a l ,
t h e  co m p u ta t io n  s u g g e s te d  by t h i s  a n a l y s i s ,  c o u ld  be c a r r i e d  o u t  by
l o c a l  mechanisms i n  t h e  ne ig h b o u rh o o d  of  a p o i n t ,  o v e r  an a r e a  o f  t h e  |
f lo w  f i e l d  l a r g e  enough to  a l l o w  th e  second d e r i v a t i v e  to  be computed 
w i t h  s u f f i c i e n t  a c c u r a c y .  L o n g u e t-H ig g in s  and P ra zd n y  a l s o  p o i n t  o u t  
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F ig u r e  2 . 3 .
The f o u r  b a s i c  t y p e s  of  r e l a t i v e  m o tio n  su g g e s te d  by 
L o n g u e t -H ig g in s  and P ra zd n y  (1 9 8 0 ) .  They r e p r e s e n t  d i f f e r e n t  
in d e p e n d e n t  c o m b in a t io n s  o f  t h e  f lo w  f i e l d  d e r i v a t i v e s .
•î
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4d e r i v a t i v e s  o f  th e  f lo w  f i e l d  which cou ld  be s im ply  computed and which 
would be i n v a r i a n t  to  r o t a t i o n  of th e  f low  f i e l d .  These f o u r  
c o m b in a t io n s  would p ic k  up e x p a n s io n ,  s h e a r  and v o r t i c i t y  components o f  |
s u r f a c e  t e x t u r e  e le m e n ts  o v e r  a  l o c a l  a r e a  as  i l l u s t r a t e d  i n  F ig u re  f
2 . 3 .  (T hese  components a r e  s i m i l a r  to  th e  i n v a r i a n t s  o f  l o c a l  
s t r u c t u r e  d e s c r i b e d  by K o en d e r in k  and van D o o m .)  Mechanisms tuned  to  $7?
d e t e c t  su c h  c o m b in a t io n s  of th e  f low  f i e l d  d e r i v a t i v e s  w ould , 
t h e r e f o r e ,  be p a r t i c u l a r l y  u s e f u l  to  any sys tem  t h a t  w ished  to  e x t r a c t  
i n f o r m a t i o n  a b o u t  d e p th  from p a t t e r n s  o f  r e l a t i v e  m o tio n .  t
1
2 .6  The i n f o r m a t i o n  a v a i l a b l e  i n  o p t i c  f low .
A lth o u g h  th e  m a th e m a t ic a l  a n a ly s e s  o f  o p t i c  f low  d e s c r i b e d  above 
d i f f e r  i n  t h e  d e t a i l s  o f  th e  m a th e m a t ic a l  d e r i v a t i o n  and i n  t h e i r  
u n d e r l y i n g  a s s u m p t io n s ,  th e y  do s h a r e  many s i m i l a r  p r o p e r t i e s .  T h is  4
s e c t i o n  p r o v id e s  an  example of one p o s s i b l e  d e r i v a t i o n  o f  th e  
p a r a m e te r s  o f  o p t i c  f low  and o u t l i n e s  a  model o f  how th e  a v a i l a b l e  
i n f o r m a t io n  m ig h t  be e x t r a c t e d .  The p r e s e n t  a n a l y s i s  i s  based  on I
C lo c k s in  (1 9 8 0 a ,  1980b) and p r o v id e s  a g e n e r a l  f l a v o u r  o f  t h i s  ty p e  of  
a p p ro a c h  as  w e l l  a s  a  d e s c r i p t i o n  o f  a m e c h a n i s t i c  model o f  p o s s i b l e  
p h y s i o l o g i c a l  m echanism s.
I n i t i a l l y ,  c o n s id e r  t h e  g e n e r a l  c a s e  of an o b s e r v e r  moving a lo n g  
a  c u r v i l i n e a r  p a th  i n  an en v iro n m en t of r i g i d ,  opaque o b j e c t s  and 
s u r f a c e s ,  some o f  w hich may move w i th  r e s p e c t  to  t h e  o b s e r v e r .  As M
i l l u s t r a t e d  i n  F ig u re  2 . 4 ,  th e  o p t i c  f low  on a s p h e r i c a l  p r o j e c t i o n  
s u r f a c e  c e n t r e d  on t h e  p o i n t  o f  o b s e r v a t i o n ,  0 ,  can  be m a th e m a t ic a l ly  
d e s c r i b e d  i n  t h e  f o l lo w in g  way. Each e le m e n t ,  P , i n  th e  env ironm en t
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bas  an  i n s t a n t a n e o u s  a n g u la r  v e l o c i t y  on th e  u n i t  p r o j e c t i o n  s p h e re  
c o n s i s t i n g  o f  two com ponents , a and b* which r e p r e s e n t  th e  
i n s t a n t a n e o u s  change i n  th e  a n g le s  o f  m e r id ia n ,  a ,  and e c c e n t r i c i t y ,  b .  
The most g e n e r a l  d e s c r i p t i o n  o f  o p t i c  f low  i s  g iv e n  by th e  f o l l o w in g  
two e q u a t i o n s  w hich  a r e  d e r iv e d  i n  F ig u re  2 .5 .
à = z c o sa  -  y s i n a ) / r s i n b
and b “ ( (x x + y y + z z )c o sb  -  r x ) / r * - s in b
The above e q u a t io n s  p r o v id e  a d e s c r i p t i o n  o f  t h e  o p t i c  f lo w  on a 
s p h e r i c a l  p r o j e c t i o n  s u r f a c e .  I n  o r d e r  to  u s e  th e  o p t i c  f lo w  to  
p r o v id e  i n f o r m a t io n  a b o u t  t h e  e n v iro n m e n t ,  i t  i s  n e c e s s a r y  to  r e v e r s e  
t h e  mapping an d ,  f o r  exam ple , t o  s o lv e  f o r  r .  In  o r d e r  to  do t h i s  i t
i s  n e c e s s a r y  t o  f i n d  th e  v a lu e s  x ,  y ,  and z .  These v a lu e s  c o n t a i n  b o th
a component due to  t h e  movement o f  th e  o b s e r v e r  and to  t h e  movement o f
th e  s u r f a c e  and t h e s e  two com ponents canno t  e a s i l y  be s e p a r a te d  i n  t h e
g e n e r a l  c a s e .
However, i f  we c o n s id e r  a  r e s t r i c t e d  c a se  of an o b s e r v e r  
t r a n s l a t i n g  th ro u g h  a f i x e d  e n v iro n m e n t ,  t h e  n a t u r e  o f  th e  o p t i c  f lo w  
becomes v e ry  s im p le .  In  p a r t i c u l a r ,  i f  th e  x a x i s  of  th e  c o o r d i n a t e  
sy s te m  i s  o r i e n t e d  a lo n g  th e  d i r e c t i o n  of t r a n s l a t i o n  and th e  
o b s e r v e r ' s  speed  i s  S, th e n  y= z-0  and x=-S . The o p t i c  f lo w  f u n c t i o n  
f ( a , b )  t h e r e f o r e  becomes
-I
0 b = S s i n b / r (3 )
Hence f o r  t r a n s l a t i o n  th ro u g h  a  f i x e d  e n v iro n m en t ,  t h e  o p t i c  
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e x p r e s s io n  o f  G ibsons i n s i g h t  t h a t  d u r in g  locom otion  t e x t u r e  e le m e n ts  4
f lo w  a lo n g  l i n e s  of l o n g t i t u d e  on a p r o j e c t i o n  sp h e re  whose p o l e s  a r e  5?
l o c a t e d  a lo n g  th e  d i r e c t i o n  o f  m o tion  ( s e e  F ig u re  2 . 2 c ) .  From e q u a t i o n  ;?f
( 3 ) ,  th e  r a n g e ,  o r  d i s t a n c e ,  to  t h e  p o i n t  P can be o b ta in e d  up to  a 
s c a l e  f a c t o r  and d e te rm in e d  a b s o l u t e l y  i f  t h e  o b s e rv e r s  speed  i s  known. 
However, w i th o u t  knowing th e  s p e e d ,  th e  s u r f a c e  o r i e n t a t i o n  a t  P and 
th e  r e l a t i v e  d e p th  be tw een  d i f f e r e n t  en v iro n m en ta l  p o i n t s  can be 
d e te rm in e d  d i r e c t l y  from  th e  o p t i c  f low  in  t h e  fo l lo w in g  way.
I n  g e n e r a l ,  t h e  s l a n t  o f  a s u r f a c e  a t  a p o i n t  can be r e p r e s e n t e d  
by th e  norm al to  t h e  s u r f a c e  a t  t h a t  p o in t  and can be c o m p le te ly  
d e f in e d  by two component o f  s l a n t ,  s and t ,  which r e p r e s e n t  t h e  a n g le  
o f  th e  norm al w i th  r e s p e c t  to  t h e  p la n e s  o f  m e r id ia n  and e c c e n t r i c i t y  
( F ig u r e  2 . 4 ) .  As d e r iv e d  i n  F ig u re  2 .6 ,  th e  two components o f  s l a n t  
can  be d i r e c t l y  d e te rm in e d  from th e  o p t i c  f low  by c o n s id e r in g  th e  f i r s t  
s p a t i a l  d e r i v a t i v e s  of  th e  f lo w  i n  t h e  two d i r e c t i o n s ,  a and b , so 
t h a t ,
t a n  s = c o t  b -  d /d b  lo g  f  : t a n  t  = - d /d a  lo g  f  (4 )
F i n a l l y ,  th e  p r e s e n c e  of d e p th  edges and t h e i r  t y p e ,  convex , 
c o n c a v e ,  o c c lu d in g ,  r e v e a l i n g  e t c . ,  can  be o b ta in e d  from lo o k in g  a t  t h e  
L a p l a c i a n  o f  th e  o p t i c  f lo w  f u n c t i o n ,  which m easures  t h e  second s p a t i a l
d e r i v a t i v e s  w i th  r e s p e c t  to  a and b .
L*f = d ‘ f/da>- + d*-f/db
The s i n g u l a r i t i e s  of  t h i s  o p e r a t i o n  occu r  in  a  s p e c i f i c  
d i s t r i b u t i o n ,  a s i g n a t u r e ,  w hich depends on th e  ty p e  o f  th e  p h y s i c a l  
e d g e .  T h is  i s  a n a lo g o u s  to  th e  use  of th e  L a p la c ia n  o p e r a t o r  i n  
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( R o b e r t s ,  1 9 6 5 ) .  Each d i f f e r e n t  type  o f  edge , co n c av e ,  c o nvex ,
o c c lu d in g ,  r e v e a l i n g ,  e t c . ,  h a s  i t s  own un ique  form when th e  above 
c o m p u ta t io n  i s  c a r r i e d  o u t .
In  summary, t h i s  a n a l y s i s  s u g g e s t s  t h a t ,  a t  l e a s t  in  t h e  c a s e  o f  
t r a n s l a t i o n  th ro u g h  a f i x e d  e n v iro n m e n t ,  i t  i s  p o s s i b l e  to  compute t h e  
s l a n t  of s u r f a c e s  i n  t h e  e n v iro n m en t  and th e  p re s e n c e  and type  o f  d e p th  
e d g e s .  A f u r t h e r  q u e s t i o n  i s  w h e th e r  t h i s  co m p u ta t io n  c o u ld  be 
f e a s i b l y  c a r r i e d  o u t .  In  g e n e r a l ,  f o r  a com pu ta tion  to  be f e a s i b l e  f o r  
t h e  v i s u a l  sy s te m , i t  i s  n e c e s s a r y  f o r  i t  to  be based  on s im p le ,  l o c a l ,  
d i s c r e t e  c o m p u ta t io n s  w hich can  be c a r r i e d  ou t by n e u r a l  u n i t s .  
C lo c k s in  has  s u g g e s te d  t h a t  i t  would be p o s s ib l e  f o r  a  s im p le  n e tw ork  
o f  v e l o c i t y  s e n s i t i v e  m echanism s t o  c a r r y  ou t  th e  co m p u ta t io n  o f  3D 
s t r u c t u r e  from  o p t i c  f lo w , and he has  implemented a com puter  a l g o r i t h m  
which s im u l a t e s  t h e  p e rfo rm a n c e  o f  such  a n e tw ork . I n  o r d e r  t o  compute 
s t r u c t u r e  from o p t i c  f low  t h e  model r e q u i r e s  t h a t  mechanisms f o r  
d e t e c t i n g  r e t i n a l  v e l o c i t y  e x i s t  w i t h in  th e  sys tem  and t h a t  t h e  a / b
c o o r d i n a t e  sy s te m  can  be e s t a b l i s h e d  from th e  flow  d a ta  (so  t h a t  th e  
r e t i n a l  d i r e c t i o n  a lo n g  w hich  c o m p u ta t io n s  a re  made a t  each  p o i n t ,  can  
be d e te r m in e d ) .
The p r e s e n c e  o f  v e l o c i t y  s e n s i t i v e  mechanisms i n  th e  human 
v i s u a l  sy s tem  has been  i n d i c a t e d  p s y c h o p h y s ic a l ly  and p h y s i o l o g i c a l l y  
i n  r e c e n t  y e a r s  ( P a n t l e  and S e k u l e r ,  1968; T o lh u r s t  e t  a l . ,  197 3 ) ,  and
t h e s e  m echanisms have been found to  be d i r e c t i o n a l l y  s e l e c t i v e .  I n
C lo c k s in ^ s  model such v e l o c i t y  s e n s i t i v e  mechanisms (VSM^s) form th e  
b a s i s  f o r  t h e  c o m p u ta t io n .  At each  r e t i n a l  l o c a t i o n  th e  VSM w i th  th e  
h i g h e s t  f i r i n g  r a t e  s i g n a l s  t h e  d i r e c t i o n  o f  th e  v e l o c i t y  a t  t h a t  p o i n t  
and i n h i b i t s  o t h e r  VSMs s e n s i t i v e  t o  o t h e r  d i r e c t i o n s .  At a h i g h e r
44
l e v e l  t h e  VSM's a r e  grouped  t o g e t h e r  i n t o  u n i t s  w i th  e lo n g a te d  
r e c e p t i v e  f i e l d s  as  i l l u s t r a t e d  i n  F ig u r e  2 .7 .  These h i g h e r  l e v e l  
u n i t s  r e c e i v e  i n p u t s  from VSM"s w hich have s p a t i a l l y  a d j a c e n t  r e c e p t i v e  
f i e l d s .  I t  can  be s e e n  t h a t ,  f o r  movement i n  a f ix e d  e n v iro n m e n t ,  
h i g h e r  l e v e l  u n i t s  where th e  d i r e c t i o n  o f  movement a t  each  p o i n t  i s  
p a r a l l e l  to  t h e  o r i e n t a t i o n  o f  t h e  r e c e p t i v e  f i e l d ,  w i l l  he o r i e n t e d  
a lo n g  l i n e s  o f  c o n s t a n t  m e r id ia n  ( a )  w h i l e  th o s e  where th e  d i r e c t i o n  a t  
each  p o i n t  i s  o r th o g o n a l ,  w i l l  be o r i e n t e d  a long  l i n e s  of c o n s t a n t  
e c c e n t r i c i t y  ( b ) .  A l l  o t h e r  u n i t s  a r e  e x c lu d ed  from f u r t h e r  p r o c e s s in g  
( F ig u r e  2 . 8 ) .  The h i g h e r  l e v e l  u n i t s  which a r e  a c t i v e  a t  any one tim e 
t h e r e f o r e  change from i n s t a n t  to  i n s t a n t  as th e  o b s e r v e r  moves i n  th e  
e n v iro n m e n t  and th e  p a t t e r n  o f  o p t i c  f lo w  c h a n g es .  Hence th e  model 
f u l f i l s  t h e  second r e q u i r e m e n t  m en tioned  a bove , t h a t  th e  a /b  c o o r d i n a t e  
sy s te m  be e s t a b l i s h e d  from th e  f lo w  d a t a .  Once th e  VSM's have  been 
g rouped  i n t o  t h e s e  h i g h e r  l e v e l  u n i t s ,  t h e  g r a d i e n t  o f  v e l o c i t i e s  a lo n g  
t h e  l e n g t h  of th e  r e c e p t i v e  f i e l d  can  th e n  be computed u s in g  a s im p le  
d i f f e r e n c i n g  o p e r a t i o n .  T h is  p r o v id e s  t h e  term s d l o g f / d a  and d l o g f / d b  
i n  e q u a t i o n  (4 )  and th e  o u tp u t  o f  t h i s  s t a g e  o f  p r o c e s s in g  i s  th e n  th e  
two v a lu e s  ( t a n t )  and ( c o tb  - t a n s ) .  The v a lu e  ( c o t b )  depends on th e  
movement of t h e  o b s e r v e r  and w i l l  be  e q u a l  f o r  a l l  p a r t s  o f  t h e  f i e l d .  
I t  c o u ld  t h e r e f o r e  be d e te rm in e d  by com puting  o v e r  a l a r g e r  a r e a .  When 
t h e  o b s e r v e r  v iew s s u r f a c e s  a t  90 d e g re e s  to  th e  d i r e c t i o n  o f  m otion  
( c o t b )  i s  o f  c o u rs e  z e r o .  The f i n a l  o u tp u t  o f  th e  c o m p u ta t io n  would be 
b o th  components o f  s l a n t ,  s and t ,  t h a t  i s ,  th e  a n g le s  of s lo p e  w i th  
r e s p e c t  to  th e  m e r id io n a l  and e c c e n t r i c  p la n e s  which u n iq u e ly  d e f i n e  
t h e  s lo p e  o f  th e  s u r f a c e  a t  a p o i n t .
I n  a d d i t i o n  to  com puting  th e  s u r f a c e  s l a n t  a t  a p o i n t  t h e  model 
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i n  v e l o c i t y  a lo n g  a and b .  When t h i s  second d i f f e r e n c e  I s  v e ry  l a r g e ,  
t h e  p re s e n c e  of an edge I s  s i g n i f i e d .  The type  o f  edge p r e s e n t  can be 
d e te rm in e d  from th e  n a t u r e  o f  t h e  f lo w  d i f f e r e n t i a l s  a round th e  edge . 
D e t e c t o r s  r e s p o n d in g  to  th e  ty p e  o f  edge p r e s e n t  would be a n a lo g o u s  t o  
t h e  on and o f f  b r i g h t n e s s  d e t e c t o r s  In  t h e  lum inance  domain which 
s i g n a l  d i f f e r e n t  ty p e s  of lum inance  e d g e .  T h is  co m p u ta t io n  o f  second 
s p a t i a l  d i f f e r e n t i a l s  I s  s i m i l a r  t o  t h e  o p e r a t i o n  t h a t  would be c a r r i e d  
o u t  by t h e  c o n v e x i ty  o p e r a t o r  s u g g e s te d  by Wakayama and Loomis.
F i n a l l y ,  C lo c k s in  has  p roduced  a com puter Im p le m e n ta t io n  which 
s im u l a t e s  t h i s  ty p e  o f  p h y s i o l o g i c a l  m odel.  P r e d i c t i o n s  t h a t  f o l l o w  
from th e  model a r e  t h a t  a b s o l u t e  d i s t a n c e  can n o t  be computed In  th e  
a b sen c e  o f  I n f o r m a t io n  ab o u t  t h e  o b s e r v e r s  sp e ed ,  and t h a t  edge and 
s lo p e  d e t e c t i o n  s h o u ld  show I n c r e a s i n g  t h r e s h o ld  w i th  e c c e n t r i c i t y ,  
low er  sp e ed s  and s m a l l e r  d e p th  c h a n g e s .  The com puter Im p le m e n ta t io n  
p ro d u c e s  r e s u l t s  w hich a r e  In  a c co rd a n ce  w i th  th o se  found 
p s y c h o p h y s i c a l l y  f o r  human o b s e r v e r s ,  how ever, th e  amount of a d e q u a te  
e m p i r i c a l  d a t a  I s  v e ry  s m a l l  and does  n o t  p ro v id e  an a d e q u a te  t e s t  o f  
-the m odel.
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C h a p te r  3 Can M otion P a r a l l a x  Act as an E f f e c t i v e  Source 
o f  I n f o r m a t io n  a b o u t  Depth and D is ta n c e  ?
3 .1  I n t r o d u c t i o n .
T here  have  been many e m p i r i c a l  s t u d i e s  which have a t te m p te d  to  
I n v e s t i g a t e  w h e th e r  m o tion  p a r a l l a x  can  be used  e f f e c t i v e l y  to  
d e te rm in e  th e  d i s t a n c e s  t o  d i f f e r e n t  o b j e c t s  and th e  d e p th  
r e l a t i o n s h i p s  w i t h i n  them. These  s t u d i e s  were rev iew ed  i n  th e  p r e v io u s  
c h a p te r  where I t  was n o ted  t h a t  t h e  r e s u l t s  have been e q u i v o c a l . Some 
s t u d i e s  have  s u g g e s te d  t h a t  m o tion  p a r a l l a x  I s  o n ly  a weak and 
u n r e l i a b l e  s o u rc e  o f  d e p th  I n f o r m a t io n  which I s  e a s i l y  o v e r ld d e n  by 
I n f o r m a t io n  from o t h e r  s o u r c e s ,  and which canno t even be used  t o  
a s c e r t a i n  unam biguous ly  t h e  r e l a t i v e  d e p th  o f  two o b j e c t s  o r  s u r f a c e s  
(G ibson  and C a r e l ,  1952; E r i k s s o n ,  1972; 1973; Gogel and T i e t z ,  1973; 
1974; F a r b e r  and M cconkle , 1 9 7 9 ) .  O ther  s t u d i e s  h av e ,  how ever, found 
t h a t  m o tion  p a r a l l a x  can  be used  e f f e c t i v e l y  (G ibso n  e t  a l . ,  1959 ; 
F lo c k ,  1964; B r a u n s t e l n ,  1966; 1976; H e l l ,  1978) and c a n ,  i n  some 
s i t u a t i o n s ,  p r o v id e  a c c u r a t e  I n fo r m a t io n  about a b s o l u t e  as  w e l l  as 
r e l a t i v e  d e p th  ( J o h a n s s o n ,  1973; F e r r i s ,  1972). The c o n t r a d i c t o r y  
n a t u r e  of t h e s e  e m p i r i c a l  s t u d i e s  was found to  be s u r p r i s i n g  In  l i g h t  
o f  th e  e a s e  w i th  which human o b s e r v e r s  can u se  t h e  k i n e t i c  
t r a n s f o r m a t i o n s  which accompany r o t a t i o n  of an o b j e c t ,  t o  s p e c i f y  t h e  
3D s t r u c t u r e  o f  th e  o b j e c t  ( W allach  and O 'C o n n e l l ,  1953; B r a u n s t e l n ,  
1976; C a e l l l , 1980), and In  l i g h t  of th e  t h e o r e t i c a l  p o t e n t i a l  of
m otion  p a r a l l a x  to  a c t  as  an e f f e c t i v e  so u rc e  of I n f o r m a t io n  a b o u t  
d e p th  s t r u c u r e  (G ibson  e t  a l . ,  1955; Wakayama and Loom is, 1974; 




1I t  was s u g g e s te d  t h a t  p a r t  of th e  d i sa g re e m e n t  found i n  t h e  
l i t e r a t u r e  r e f l e c t e d  th e  wide v a r i e t y  of s t im u lu s  c o n d i t i o n s  used  to  
p r o v id e  m otion  p a r a l l a x  I n f o r m a t i o n .  F i r s t l y ,  p a r a l l a x  seemed to  be if
l e s s  e f f e c t i v e  I f  o n ly  a few p o i n t s  o r  v e l o c i t i e s  were used  I n  t h e  
s t i m u lu s  d i s p l a y ,  and t h i s  s u g g e s t s  t h a t  a dense  t e x t u r e  c o n t a i n i n g  a 
g r a d i e n t  of r e l a t i v e  v e l o c i t i e s  would be a more o p t im a l  s t i m u lu s  f o r  
t h e  e f f e c t i v e  u s e  o f  p a r a l l a x  I n f o r m a t io n .  M oreover, a s i t u a t i o n  which 
I n v o lv e s  a  f lo w  o f  v e l o c i t i e s  I s  more s i m i l a r  to  t h e  o p t i c  f lo w  w hich  
accom pan ies  r e a l  movement o f  an  o b s e r v e r  In  th e  e n v iro n m e n t .  F i n a l l y ,  
s t u d i e s  w hich have used  p a r a l l a x  s i t u a t i o n s  w hich r e q u i r e d  a c t i v e  
movement o f  th e  o b s e rv e r  have  g e n e r a l l y  found p o s i t i v e  r e s u l t s .  
T h e r e f o r e ,  an a d e q u a te  s i t u a t i o n  f o r  s tu d y in g  th e  e f f e c t i v e n e s s  of  
m o tio n  p a r a l l a x  In fo r m a t io n  seems to  be one where t e x t u r e d  p a t t e r n s  
c o n t a i n i n g  whole g r a d i e n t s  o f  r e l a t i v e  m otion  a r e  used  as  s t i m u l i ,  and 
where th e  p a r a l l a x  I n f o r m a t io n  I s  p ro v id e d  by a c t i v e  movement of t h e  g
o b s e r v e r .
A n o th e r  l i m i t a t i o n  o f  many of  th e  p r e v io u s  s t u d i e s  was. t h a t  t h e  ë|
e x p e r im e n ta l  t e c h n iq u e  d id  n o t  a l lo w  th e  p a ra m e te rs ’ o f  t h e  o p t i c  f lo w  ;1|1t o  be c a r e f u l l y  v a r i e d  so t h a t  th e  d e t a i l e d  p s y c h o p h y s i c a l  
c h a r a c t e r i s t i c s  of th e  m o tion  p a r a l l a x  p r o c e s s in g  sy s tem  c o u ld  be 1m ea su red .  I n  most c a s e s ,  t h e  t e c h n iq u e s  of s t im u lu s  g e n e r a t i o n  w ere  |1n o t  f l e x i b l e  enough f o r  th e  p r o d u c t i o n  o f  complex p a t t e r n s  w i th  1
js p e c i f i c  c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  t h e r e  was o f t e n  no a d e q u a te  I
r e s p o n s e  m easure  and o b s e r v e r s  w ere  m ere ly  r e q u i r e d  to  r e p o r t  w h e th e r  j
d e p th  was p r e s e n t  In  th e  s t i m u lu s  o r  to  make v e r b a l  e s t i m a t e s  o f  t h e  
amount of d e p th .  T h is  t e c h n iq u e  h as  been shown to  be u n r e l i a b l e  In
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many s i t u a t i o n s  (G o g e l ,  1 9 7 9 a ) .
F i n a l l y ,  p r e v io u s  s t u d i e s  a l s o  v a r i e d  i n  th e  e x t e n t  to  w hich  
o t h e r  cues  to  d e p th  and d i s t a n c e  were p r e s e n t  i n  th e  s t im u lu s  
s i t u a t i o n .  Cues such  as  accom m odation , r e l a t i v e  s i z e  and p e r s p e c t i v e  
w ere p r e s e n t  i n  some s t u d i e s .  In  many o t h e r s ,  m otion  p a r a l l a x  
i n f o r m a t io n  was confounded  w i th  o c c lu s io n  e f f e c t s  which a r e  known to  
p r o v id e  s t r o n g  I n f o r m a t io n  f o r  d e p th  s e p a r a t i o n  (K ap lan , 1969 ) .  To 
I n v e s t i g a t e  t h e  v i s u a l  s y s t e m 's  a b i l i t y  to  u se  p a r a l l a x  I n f o r m a t io n  I t  
I s  n e c e s s a r y  to  u s e  a t e c h n iq u e  which a l lo w s  m otion  p a r a l l a x  to  be 
p r e s e n te d  In  I s o l a t i o n  from a l l  o t h e r  s o u rc e s  o f  d e p th  I n f o r m a t io n .
Oyer th e  l a s t  tw en ty  y e a r s ,  a l a r g e  amount of f r u i t f u l  r e s e a r c h  
has  I n v e s t i g a t e d  th e  n a t u r e  o f  th e  v i s u a l  sys tem s a b i l i t y  to  u s e  d e p th  
I n fo r m a t io n  from b i n o c u l a r  s t e r e o p s l s .  T h is  has le d  to  a  f i rm  
p s y c h o p h y s ic a l  d a t a  base  from which d e t a i l e d  models of  t h e . s t e r e o s c o p i c  
p r o c e s s  have been d e v e lo p e d  ( N e l s o n ,1975; Marr and P o g g lo ,  1979; Mayhew 
and F r l s b y ,  1 9 8 0 ) .  T h is  l a r g e  r e s e a r c h  e f f o r t  was p r i m a r i l y  m o t iv a te d  
by th e  deve lopm en t o f  com puter  g e n e ra te d  random d o t  s te r e o g ra m s  w hich  
w ere f i r s t  used by B e la  J u l e s z  In  th e  e a r l y  1 9 6 0 's  ( J u l e s z ,  1960; 
1 9 7 1 ) .  A random d o t  s te r e o g r a m  c o n s i s t s  of two n e a r l y  I d e n t i c a l  random 
d o t  p a t t e r n s  w hich a p p e a r  f l a t  when viewed s i n g l y .  However, when th e  
two h a lv e s  a r e  viewed s t e r e o s c o p l c a l l y ,  one to  each e y e ,  th e  s l i g h t  
d i f f e r e n c e s  betw een  th e  p o s i t i o n s  of th e  do ts  In  th e  two p a t t e r n s  g iv e  
r i s e  to  th e  p e r c e p t i o n  of a  t h r e e - d i m e n s i o n a l  f i g u r e .  Hence In  a 
random d o t  s te r e o g ra m  t h e r e  I s  no m onocu lar  I n fo r m a t io n  ab o u t  t h e  form 
o f  th e  t h r e e - d i m e n s i o n a l  s u r f a c e .  The form I s  s p e c i f i e d  s o l e l y  by th e  
b i n o c u l a r  d i s p a r i t i e s  be tw een  th e  random e le m en ts  of t e x t u r e  In  th e  two 
p a t t e r n s .  The Im p o r ta n c e  of  t h i s  t e c h n iq u e ,  t h e r e f o r e .  I s  t h a t  I t
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a l lo w s  b ln o c u o la r  s t e r e o p s l s  to  be s tu d i e d  In  I s o l a t i o n  from o t h e r
d e p th  c u e s .  M oreover ,  random d o t  s te re o g ra m s  can be used  to  s p e c i f y  |
any  3D s u r f a c e  In  a p r e c i s e  way and so p ro v id e  a f l e x i b l e  t o o l  f o r
I n v e s t i g a t i n g  th e  p a ra m e te r s  of s t e r e o s c o p i c  v i s i o n .  W
An a d e q u a te  I n v e s t i g a t i o n  of th e  use  of  m otion  p a r a l l a x  
I n fo r m a t io n  by th e  v i s u a l  sys tem  r e q u i r e d  a t e c h n iq u e ,  a n a lo g o u s  to  t h e  
u se  of random d o t  s te r e o g ra m s  f o r  s t e r e o p s l s ,  which a llo w ed  m o tio n  i |
p a r a l l a x  to  be s tu d i e d  I n  I s o l a t i o n  from o t h e r  s o u rc e s  o f  d e p th  I
I n f o r m a t io n .  T ha t I s ,  a  t e c h n iq u e  was needed where th e  on ly  s o u rc e  o f  
d e p th  I n fo r m a t io n  was th e  p a t t e r n  of  r e l a t i v e  m o tio n  accom panying 
movement of t h e  o b s e r v e r  o r  th e  o b j e c t ,  and w here ,  w i th o u t  t h i s  
movement, t h e r e  was no I n f o r m a t io n  abou t t h r e e - d i m e n s i o n a l  fo rm . I n  
a d d i t i o n .  I t  was n e c e s s a r y  t h a t  th e  t e c h n iq u e  a l lo w e d  many d i f f e r e n t  
t h r e e - d i m e n s i o n a l  f i g u r e s  to  be p o r t r a y e d  and t h a t  th e  p a ra m e te r s  of 
t h e  m otion t r a n s f o r m a t i o n  cou ld  e a s i l y  be m a n ip u la te d .
3 .2  The m otion  p a r a l l a x  d i s p l a y .
An e x p e r im e n ta l  t e c h n iq u e  which cou ld  s im u la t e  th e  m o tio n  
p a r a l l a x  I n f o r m a t io n  p roduced  b o th  by movement of an o b s e r v e r  In  t h e  
en v iro n m en t and by movement o f  a  3D o b j e c t  w i th  r e s p e c t  t o  th e
o b s e r v e r ,  was d e v e lo p e d  by Rogers and Graham (1 9 7 9 ) .  T h is  t e c h n i q u e  if
I s o l a t e d  m otion  p a r a l l a x  from o t h e r  p o t e n t i a l  cues  ab o u t  d e p th  and
p ro v id e d  a b a s i s  f o r  a d e t a i l e d  a n a l y s i s  of th e  u se  of m otion  p a r a l l a x  
I n f o r m a t io n .  In  F ig u r e  3 .1  th e  e x p e r im e n ta l  s e t - u p  I s  show^ In  
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%IA random d o t  p a t t e r n  d i s p l a y e d  on an o s c i l l o s c o p e  s c r e e n  was ;•
■ Iused  to  p r o v id e  th e  m o tio n  p a r a l l a x  in f o r m a t io n .  O b se rv e rs  viewed th e  '
random d o t  p a t t e r n  w h i le  moving from s id e  to  s id e  on a  c h i n r e s t .  The 
aim was to  s im u la t e  t h e  m o tio n  p a r a l l a x  in f o r m a t io n  t h a t  would be
produced  by a p h y s i c a l  t h r e e - d i m e n s i o n a l  s u r f a c e  i n  th e  p la n e  o f  t h e  
o s c i l l o s c o p e  s c r e e n ,  as  t h e  o b s e r v e r  moved from s i d e  to  s id e  w h i le  
v iew ing  th e  s u r f a c e .  To do t h i s ,  th e  tw o -d im e n s io n a l  random d o t  
p a t t e r n  d i s p l a y e d  on th e  s c r e e n ,  was s y s t e m a t i c a l l y  d i s t o r t e d  a s  th e  
o b s e r v e r  moved, i n  a way w hich  p ro v id e d  th e  a p p r o p r i a t e  r e l a t i v e  m o tio n  
t r a n s f o r m a t i o n .
To u n d e r s t a n d  how th e  s t i m u l i  were p ro d u ced ,  i t  i s  h e l p f u l  to  
c o n s id e r  t h e  r e l a t i v e  m o tio n  t r a n s f o r m a t io n  t h a t  o c c u rs  when an
o b s e rv e r  moves l a t e r a l l y  w h i le  v iew ing  a s im p le  t h r e e - d i m e n s i o n a l  
s u r f a c e  c o n ta i n in g  a s i n g l e  b a r  s t a n d i n g  out in  f r o n t  o f  a  b ac k g ro u n d .
Such a s u r f a c e  i s  i l l u s t r a t e d  i n  e x a g g e ra te d  p e r s p e c t i v e  i n  F ig u r e  i
3 .2 a .  When t h i s  s u r f a c e  i s  view ed from th e  l e f t ,  t h e  c e n t r e  band of 
d o t s  i s  d i s p l a c e d  to  t h e  th e  r i g h t  w i th  r e s p e c t  to  th e  s u r r o u n d in g  
d o t s ,  and , a s  th e  o b s e r v e r  moves to  t h e  r i g h t ,  t h e  c e n t r e  band o f  d o t s  j| |
becomes p r o g r e s s i v e l y  s h i f t e d  to  th e  l e f t  (F ig u re  3 . 2 b ) .  T h e r e f o r e ,  to  
s im u la t e  t h e  p a r a l l a x  i n f o r m a t i o n  p ro v id e d  by t h i s  s u r f a c e ,  a r e l a t i v e  
d i s p la c e m e n t  betw een th e  c e n t r e  band o f  d o ts  and th e  s u r ro u n d  m ust be 
i n t r o d u c e d  i n t o  th e  tw o - d im e n s io n a l  p a t t e r n  a s  t h e  o b s e r v e r  m oves.
T hat i s ,  when th e  o b s e r v e r  moves from l e f t  to  r i g h t ,  t h e  c e n t r e  band o f  
d o t s  in  th e  p a t t e r n  must move to  t h e  l e f t  w i th  r e s p e c t  to  th e  s u r r o u n d ,  
and as th e  o b s e rv e r  moves from r i g h t  to  l e f t  i t  must move to  t h e  r i g h t .
To do t h i s  th e  movement o f  t h e  c e n t r e  band o f  d o ts  must be l i n k e d  to
th e  movement of t h e  o b s e r v e r ' s  h e a d .  In  th e  p r e s e n t  s i t u a t i o n ,  t h e  
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When an o b s e r v e r  moves from  l e f t  t o  r i g h t  w h i l e  v ie w in g  t h e  s u r f a c e  shown 
i n  (a )  t h e r e  i s  a r e l a t i v e  d i s p l a c e m e n t  o f  t h e  c e n t r e  b a r  w i th  r e s p e c t  t o  
t h e  s u r r o u n d ,  a s  shown i n  ( b ) . Hence t o  s im u l a t e  t h e  p a r a l l a x  i n f o r m a t io n  
p ro v id e d  by  t h i s  s u r f a c e  t h e r e  m ust b e  r e l a t i v e  m o t io n  be tw een  th e  c e n t r e  
b a r  and t h e  su rro u n d  as t h e  o b s e r v e r  moves. The a p p r o p r i a t e  p a r a l l a x  
s i g n a l  c a n  be  produced  by m o d u la t i n g ,  o r  m u l t i p l y i n g ,  a  s q u a re  waveform 
o f  an  a p p r o p r i a t e  f r e q u e n c y  by  th e  v o l t a g e  s i g n a l  from  t h e  p o t e n t io m e te r  
w h ich  f o l l o w s  th e  o b s e r v e r a s  s i n u s o i d a l  movement from  s id e  to  s i d e  ( c ) .
s i g n a l  t o  t h e  X i n p u t  of t h e  o s c i l l o s c o p e  which d i s p l a c e d  th e  c e n t r e  
band o f  d o t s .  A f u n c t i o n  g e n e r a t o r  was used to  p ro d u ce  a s q u a re  wave 
s i g n a l  o f  t h e  a p p r o p r i a t e  f re q u e n c y  to  s h i f t  th e  c e n t r e  band o f  d o t s  
w i th  r e s p e c t  t o  t h e  s u r r o u n d .  I t  was th e n  n e c e s s a r y  t o  l i n k  th e  
d i s p la c e m e n t  o f  th e  c e n t r e  band to  t h e  movement o f  t h e  o b s e r v e r .  T h is  
was done by m o d u la t in g  th e  a m p l i tu d e  of th e  sq u a re  wave s i g n a l  w i th  a  
s i g n a l  which m o n i to re d  th e  movement of th e  o b s e r v e r .  For  t h e  p r e s e n t  
d i s p l a y  th e  movement o f  t h e  o b s e r v e r  was m o n ito red  by a  p o t e n t i o m e t e r  
a t t a c h e d  to  t h e  arm of  t h e  c h i n r e s t .  As th e  o b s e rv e r  moved l a t e r a l l y
from  s id e  to  s i d e  t h e  v o l t a g e  from t h i s  p o t e n t io m e te r  p roduced  a
s i n u s o i d a l  s i g n a l  a t  t h e  f r e q u e n c y  o f  th e  head m o tio n .  T h is  s i g n a l  was 
used  to  a m p l i tu d e  m o d u la te  th e  s q u a re  wave s i g n a l  from  th e  f u n c t i o n  
g e n e r a t o r ,  an o p e r a t i o n  which e f f e c t i v e l y  m u l t i p l i e d  t h e  two s i g n a l s
t o g e t h e r  ( F ig u r e  3 . 2 c ) .  The r e s u l t i n g  compound d i s t o r t i o n  s i g n a l  was
th e n  fed  to  t h e  X in p u t  of t h e  o s c i l l o s c o p e .  I n  e f f e c t ,  t h i s
a r ra n g e m e n t  p roduced  a c o n t in u o u s  r e l a t i v e  movement be tw een  th e  c e n t r e  
and su rro u n d  of t h e  random d o t  p a t t e r n ,  and t h i s  movement was e x a c t l y
i n  s t e p  w i th  th e  movement o f  th e  o b s e r v e r .  When th e  o b s e r v e r  s to p p e d
m oving, th e  d i s p l a y  was s t a t i c  and t h e r e  was no i n f o r m a t io n  a s  to  th e
form  of th e  t h r e e - d i m e n s i o n a l  s u r f a c e  s p e c i f i e d  by th e  p a r a l l a x
t r a n s f o r m a t i o n .
To s im u la t e  th e  m o tio n  p a r a l l a x  in f o r m a t io n  p ro v id e d  by a more 
complex d e p th  s u r f a c e ,  d i s t o r t i o n  s i g n a l s  were composed w here th e  
u n d e r l y i n g  waveform s were of d i f f e r e n t  s h a p e s .  A gain t h e  a m p l i tu d e  o f  
t h e  s i g n a l  was m o du la ted  a c c o r d in g  to  t h e  p o s i t i o n  of th e  o b s e r v e r .  i;
F o r  exam ple, to  s im u l a t e  a  c o r r u g a te d  d e p th  s u r f a c e  where t h e  d e p th  
changed c o n t i n u o u s ly  from th e  top  to  th e  bottom  o f  t h e  s u r f a c e  i n  a 
s i n u s o i d a l  m anner, a  s i n e  wave r a t h e r  th a n  a s q u a re  wave s i g n a l  was
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ta k e n  from th e  f u n c t i o n  g e n e r a t o r .  This  s i g n a l  was m u l t i p l i e d  by t h e  #
s i g n a l  from th e  p o t e n t i o m e t e r  which m on ito red  th e  movement o f  th e
o b s e r v e r .  As th e  o b s e r v e r  moved from s id e  to  s i d e ,  h o r i z o n t a l  bands of 
d o t s  c o r r e s p o n d in g  to  th e  t r o u g h s  o f  t h e  c o r r u g a t i o n  moved i n  t h e  same 
d i r e c t i o n  as th e  o b s e r v e r ,  w h i l e  bands c o r r e s p o n d in g  to  th e  p e a k s ,  
moved i n  t h e  o p p o s i t e  d i r e c t i o n .  Between th e  peaks and th e  t r o u g h s ,  
th e  amount and d i r e c t i o n  of r e l a t i v e  m otion  fo llo w ed  a s i n e  wave 
p r o f i l e  (F ig u re  3 . 3 ) .  I n  th e  a c t u a l  d i s p l a y  th e  random d o t  p a t t e r n  was 
a lw ays s l i g h t l y  l a r g e r  th a n  th e  o s c i l l o s c o p e  s c re e n  so t h a t  t h e  edges  
o f  th e  p a t t e r n  (shown i n  th e  f i g u r e s  f o r  i l l u s t r a t i v e  p u r p o s e s )  w ere  
n e v e r  v i s i b l e ,  and c o u ld  n o t  p r o v id e  i n fo r m a t io n  abou t t h e  shape  o f  t h e  
s im u la te d  t h r e e - d i m e n s i o n a l  s u r f a c e .  When th e  o b s e rv e r  was s t a t i o n a r y
a l l  t h a t  cou ld  be s e e n  was a random d o t  p a t t e r n  f i l l i n g  th e  s c r e e n .
By v a ry in g  th e  shape o f  th e  d i s t o r t i o n  s i g n a l ,  d i f f e r e n t  ty p e s  
o f  d e p th  s u r f a c e s  cou ld  be s im u la te d  and some examples a r e  shown i n  
f i g u r e  3 .4 a .  I n  a d d i t i o n  to  th e  shape  of th e  wave form  two o t h e r
p a ra m e te r s  c o u ld  be v a r i e d .  The tem p o ra l  f re q u e n c y  o f  th e  th e
d i s t o r t i o n  s i g n a l  c o u ld  be a l t e r e d  so  t h a t  a  l a r g e r  o r  s m a l l e r  number 
o f  c y c le s  of th e  waveform a p p e a re d  on th e  s c r e e n .  For c o r r u g a t e d  d e p th  
s u r f a c e s  t h i s  m a n i p u la t io n  had th e  e f f e c t  o f  v a ry in g  th e  s p a t i a l  
f r e q u e n c y  of th e  d e p th  c o r r u g a t i o n ,  t h a t  i s ,  th e  number o f  d e p th
c o r r u g a t i o n s  p e r  d e g re e  of v i s u a l  a n g le .  Second ly ,  i n c r e a s i n g  th e  g a in  
o f  th e  a m p l i tu d e  m o d u la t io n ,  i n c r e a s e d  th e  e x t e n t  of r e l a t i v e  movement 
betw een d i f f e r e n t  p a r t s  of th e  p a t t e r n ,  f o r  a g iv en  d i s p la c e m e n t  o f  t h e  I
c h i n r e s t .  Hence, by v a ry in g  th e  o v e r a l l  am p itu d e ,  d e p th  s u r f a c e s  
c o n ta i n in g  v a r y in g  amounts o f  r e l a t i v e  d ep th  cou ld  be s im u la te d  ( s e e  
F ig u re  3 .4 b ) .
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P o sitio n  of Chinrest
F i g u r e  3 .3
isTo s i m u l a t e  t h e  s i n u s o i d a l l y  c o r r u g a t e d  d e p th  s u r f a c e  i l l u s t r a t e d  i n
( a ) ,  t h e  random d o t  p a t t e r n  i s  d i s t o r t e d  a c c o r d in g  t o  t h e  p o s i t i o n  of] 
t h e  o b s e r v e r ’ s head on t h e  c h i n r e s t ,  a s  shown i n  ( b ) ,H e n c e ,  i n  s t e p  
w i t h  t h e  o b s e r v e r ’ s movement from  s i d e  t o  s i d e  t h e r e  i s  c o n t in u o u s  
r e l a t i v e  m o t io n  b e tw e en  t h e  d i f f e r e n t  rows o f  th e  p a t t e r n .
. ' T . ' , . ..r. '
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1The e x p e r im e n ta l  a r ra n g e m e n t  d e s c r ib e d  so f a r  s im u l a t e s  t h e  
m o tio n  p a r a l l a x  i n f o r m a t io n  w hich  accom panies  a c t i v e  movement o f  th e  
o b s e r v e r  i n  th e  e n v iro n m e n t ,  and w i l l  be c a l l e d  an  " a c t i v e " p a r a l l a x  
s i t u a t i o n .  From th e  geom etry  o f  t h e  s i t u a t i o n ,  and as  d e s c r ib e d  i n  th e  
l a s t  c h a p t e r ,  p a r a l l a x  i n f o r m a t i o n  i s  a l s o  a v a i l a b l e  when th e  o b s e r v e r  
rem a in s  s t a t i o n a r y  and t h r e e - d i m e n s i o n a l  o b j e c t s  move a c r o s s  t h e  l i n e  
o f  s i g h t .  The m o tio n  p a r a l l a x  i n f o r m a t io n  a v a i l a b l e  i n  such  a 
" p a s s i v e "  p a r a l l a x  s i t u a t i o n  was a l s o  s im u la te d  i n  th e  p r e s e n t
e x p e r im e n t s .  To dp t h i s ,  t h e  o b s e rv e r  rem ained  s t a t i o n a r y  w h i le  
v iew in g  th e  random d o t  p a t t e r n  on th e  o s c i l l o s c o p e  s c r e e n ,  and th e  
o s c i l l o s c o p e ,  which was mounted on c a s t o r s ,  was moved l a t e r a l l y  from ii
s i d e  to  s id e  ' a c r o s s  t h e  • o b s e r v e r s  l i n e  of s i g h t .  As b e f o r e ,  a 
d i s t o r t i o n  s i g n a l  was added t o  th e  random d o t  p a t t e r n ,  which produced  
r e l a t i v e  m otion  betw een d i f f e r e n t  p a r t s  of th e  p a t t e r n .  T h is  t im e ,  
how ever, th e  a m p l i tu d e  o f  t h e  d i s t o r t i o n  s i g n a l  was m odula ted  by th e  
movement of  th e  o s c i l l o s c o p e ,  r a t h e r  th an  by th e  movement o f  th e  
o b s e r v e r .  A p o t e n t io m e te r  m o n i to re d  th e  movement o f  t h e  o s c i l l o s c o p e , ‘ |
and th e  v o l t a g e  from t h i s  p o t e n t i o m e t e r  was m u l t i p l i e d  by th e  s i g n a l  
from  th e  f u n c t i o n  g e n e r a t o r  i n  t h e  same way as  b e f o r e .  As th e
o s c i l l o s c o p e  moved from s i d e  to  s i d e ,  t h e r e  was a c o n t in u o u s  r e l a t i v e  ï
d i s p la c e m e n t  be tw een d i f f e r e n t  rows o f  d o t s ,  which was i n  s t e p  w i th  th e  
movement o f  t h e  s c o p e ,  and w hich  s im u la te d  th e  r e l a t i v e  m o tio n  
t r a n s f o r m a t i o n  t h a t  would h av e  been  p roduced  i f  th e  f r o n t  s u r f a c e  o f  i |
t h e  scope  had been t h r e e - d i m e n s i o n a l .  A gain , by v a r y in g  th e  s h a p e ,  
t e m p o ra l  f r e q u e n c y  and g a in  o f  th e  a m p l i tu d e  m o d u la t io n  t h r e e -
d im e n s io n a l  s u r f a c e s  w i th  d i f f e r e n t  c h a r a c t e r i s t i c s  cou ld  be p ro d u c e d .
I n  th e  f o l l o w in g  e x p e r i m e n t s ,  th e  e x p e r im e n ta l  a p p a r a tu s  co u ld  
t h e r e f o r e  he used  to  i n v e s t i g a t e  t h e  u se  of m otion  p a r a l l a x  i n f o r m a t io n  ^
i n  b o th  a c t i v e  and p a s s i v e  s i t u a t i o n s .
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3 .3  P r e l i m i n a r y  q u a l i t a t i v e  o b s e r v a t i o n s .
An i n i t i a l  q u a l i t a t i v e  s tu d y  was c a r r i e d  ou t  to  d e te rm in e  
w h e th e r  th e  s im u la te d  m o tion  p a r a l l a x  i n f o r m a t io n ,  p ro v id e d  u s in g  th e  
t e c h n iq u e  d e s c r ib e d  above , co u ld  a c t u a l l y  be used  by human o b s e r v e r s  to  
d e te rm in e  th e  shape  and t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  th e  s im u la te d  
s u r f a c e s .  The i n i t i a l  s tu d y  u se d  tw e lv e  n a iv e  o b s e r v e r s  (Graham, 1978; 
Rogers and Graham, 1979) b u t  t h e  r e s u l t s  have s in c e  been  co n fi rm ed  on 
a t  l e a s t  a  hundred  n a iv e  s u b j e c t s  d u r in g  l a b o r a t o r y  d e m o n s t r a t i o n s .
I n  th e  a c t i v e  p a r a l l a x  s i t u a t i o n  o b s e rv e r s  were r e q u i r e d  to  move 
from  s id e  to  s id e  on th e  c h i n r e s t  a t  t h e i r  own p r e f e r r e d  r a t e  ( u s u a l l y  
a b o u t  1 5 ~ 20cm /sec ) .  In  th e  p a s s i v e  p a r a l l a x  c o n d i t i o n  th e y  rem ained  
s t a t i o n a r y  and viewed th e  t r a n s f o r m in g  p a t t e r n  as  t h e  scope  moved 
a c r o s s  t h e i r  l i n e  of s i g h t .  I n  b o th  c o n d i t i o n s  o b s e r v e r s  v iew ed th e  
random d o t  p a t t e r n  m o n o c u la r ly  and were a l low ed  to  s c a n  th e  p a t t e r n  
f r e e l y .  The l a t e r a l  e x c u r s i o n  o f  th e  o b s e rv e r  o r  th e  o s c i l l o s c o p e  was 
r e s t r i c t e d  to  15cms. O b s e rv e r s  were asked  to  r e p o r t  th e  phenomenal 
a p p e a ra n c e  of th e  random d o t  p a t t e r n  b e f o r e ,  d u r in g  and a f t e r  th e  
movement.
The r e s u l t s  were v e ry  c l e a r .  B e fo re  m oving, th e  p a t t e r n  
a p p e a re d  a s  a  f l a t  tw o -d im e n s io n a l  random do t  p l a n e .  However, a f t e r  
j u s t  one o r  two movements of th e  head o r  s c o p e ,  a l l  o b s e r v e r s  r e p o r t e d  
t h a t  th e  random d o t  p a t t e r n  a p p e a re d  to  be a s t a t i o n a r y ,  s o l i d ,  t h r e e -  
d im e n s io n a l  s u r f a c e  a t t a c h e d  to  th e  o s c i l l o s c o p e  s c r e e n .  The r e l a t i v e  
m otion  p r e s e n t  in  th e  random d o t  p a t t e r n  was n o t  p e r c e iv e d  and th e  
t h r e e - d i m e n s i o n a l  s u r f a c e  a p p e a re d  to  be c o m p le te ly  r i g i d .  The d ep th  
im p r e s s io n  o b ta in e d  on v iew in g  t h e s e  p a r a l l a x  s u r f a c e s  was found to  be
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s i m i l a r  to  t h a t  o b ta in e d  on v iew in g  a random do t  s te r e o g ra m  po r tray in g  a 
s t e r e o s c o p i c  s u r f a c e .  When th e  o b s e r v e r  s to p p e d  moving th e  random d o t  
p a t t e r n  a g a in  a p p e a re d  c o m p le te ly  f l a t .  W ithou t th e  r e l a t i v e  movement 
t h e  o b s e r v e r  c o u ld  n o t  r e p o r t  t h e  shape o f  th e  s im u la te d  s u r f a c e  
i n d i c a t i n g  t h a t  m o tio n  p a r a l l a x  was t h e  o n ly  so u rc e  of form i n f o r m a t io n  
a v a i l a b l e  i n  t h e  d i s p l a y .  The phenomenal im p re s s io n  o f  th e  d e p th  
s u r f a c e  was v e ry  s i m i l a r  f o r  bo th  a c t i v e  and p a s s i v e  p a r a l l a x  
c o n d i t i o n s .
O b se rv e rs  were th e n  p r e s e n t e d  w i th  th e  f o u r  d i f f e r e n t  ty p e s  o f  
p a r a l l a x  s u r f a c e s  shown i n  F ig u re  3 .4 a .  The s u r f a c e s  were random ly  
p r e s e n t e d  w i th  one of t h r e e  s p a t i a l  f r e q u e n c ie s  (o n e ,  t h r e e  o r  f i v e  
c y c l e s  v i s i b l e  on th e  s c r e e n ) .  O b se rv e rs  were asked  to  r e p o r t  th e  %
sh ap e  of th e  s u r f a c e ,  t h e  number o f  v i s i b l e  c y c le s  and w h e th e r  a peak  
o r  a t ro u g h  o f  t h e  s u r f a c e  a p p e a re d  j u s t  under  th e  h o r i z o n t a l  m id l in e  
o f  th e  s u r f a c e .  T h is  l a s t  judgem ent was r e q u i r e d  to  a s c e r t a i n  w h e th e r  
t h e  r e l a t i v e  > d e p th  i n  t h e  s u r f a c e  was a c c u r a t e l y  p e r c e i v e d .  I n  many i
p r e v io u s  s t u d i e s ,  a l t h o u g h  p e r c e p t i o n s  of d e p th  had been e l i c i t e d ,  th e  
o r d e r  o f  r e l a t i v e  d e p th  had been  ambiguous and t h e  same s u r f a c e  .
a p p e a re d  as  concave  o r  convex  on d i f f e r e n t  o c c a s i o n s .
I n  th e  p r e s e n t  e x p e r im e n t ,  t h e  d e p th  and number o f  c y c l e s  o f  th e  
s im u la te d  s u r f a c e  was c l e a r l y  p e r c e iv e d  by a l l  th e  o b s e r v e r s .  Some 
s u b j e c t s  d i d ,  how ever , sometim es have d i f f i c u l t y  i n  d i s t i n g u i s h i n g  a 
s i n u s o i d a l  from  a t r i a n g u l a r  c o r r u g a t i o n  a l th o u g h  t h i s  im proved w i th  
p r a c t i c e .  S e c o n d ly ,  t h e  r e l a t i v e  d e p th  r e l a t i o n s h i p s  w i t h i n  th e
s u r f a c e  were c o r r e c t l y  p e r c e iv e d  on a l l  o c c a s i o n s .  T here  was no 
a m b ig u i ty  i n  t h e  f r o n t / b a c k  d e p th  r e l a t i o n s h i p  of th e  s u r f a c e s .  T h is  
was t r u e  bo th  f o r  th e  a c t i v e  and p a s s i v e  p a r a l l a x  c o n d i t i o n s .  I n  th e
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%c a se  o f  a c t i v e  p a r a l l a x ,  o b s e r v e r s  p e rc e iv e d  a t ro u g h  o r  a peak 
depend ing  on w h e th e r  th e  movement of  t h a t  p a r t  of th e  p a t t e r n  was i n  
t h e  same d i r e c t i o n  a s ,  o r  o p p o s i t e  t o ,  t h e  d i r e c t i o n  of t r a n s l a t i o n  o f  -Q
t h e  o b s e r v e r .  I n  th e  p a s s i v e  p a r a l l a x  s i t u a t i o n  a peak  was p e r c e iv e d  
when t h a t  p a r t  o f  th e  s u r f a c e  moved in  th e  same d i r e c t i o n  a s  th e  
o s c i l l o s c o p e  and a t ro u g h  when i t  moved i n  th e  o p p o s i t e  d i r e c t i o n .
T h is  i n i t i a l  phenomenal i n v e s t i g a t i o n  c l e a r l y  showed t h a t  m o tion  
p a r a l l a x ,  i n  i s o l a t i o n  from  o t h e r  s o u rc e s  o f  d e p th  i n f o r m a t io n ,  co u ld  
a c t  a s  a p o w e r fu l ,  e f f e c t i v e  s o u rc e  o f  in f o r m a t io n  a b o u t  th e  t h r e e -  
d im e n s io n a l  s t r u c t u r e  o f  d e p th  s u r f a c e s .  A f u r t h e r  s tu d y  went on to  
lo o k  a t  w h e th e r  m otion  p a r a l l a x  co u ld  a c t  as  a  q u a n t i t a t i v e  a s 'w e l l  as  
a  q u a l i t a t i v e  s o u rc e  of i n f o r m a t io n  a b o u t  d e p th .  That i s ,  w h e th e r  th e  
amount o f  r e l a t i v e  movement be tw een  two p a r t s  o f  t h e  p a t t e r n  was 
l a w f u l l y  r e l a t e d  to  t h e  amount o f  p e rc e iv e d  d e p th  betw een  them.
1
3 .4  M atch ing  d e p th  from m o tio n  p a r a l l a x  w i th  s t e r e o s c o p i c  d e p th .
A s t e r e o s c o p i c  m a tc h in g  t a s k  was used  to  m easure  t h e  amount o f  
d e p th  p e r c e iv e d  i n  p a r a l l a x  s u r f a c e s  c o n ta in in g  d i f f e r e n t  amounts of  '4
r e l a t i v e  m o tio n .  O b se rv e r s  were r e q u i r e d  to  a d j u s t  th e  d e p th  i n  a 
s t e r e o s c o p i c  s u r f a c e  t o  m atch  th e  p e rc e iv e d  d ep th  o f  th e  p a r a l l a x  
s u r f a c e .  The e x p e r im e n ta l  s e t - u p  used  f o r  t h i s  m atch ing  t a s k  i s  shown 
i n  F ig u re  3 . 5 a .  I t  c o n s i s t e d  of  a s t e r e o s c o p i c  d i s p l a y  p o s i t i o n e d  f
a lo n g s id e  th e  u s u a l  m o tio n  p a r a l l a x  d i s p l a y .  I n  th e  s t e r e o  d i s p l a y  two |
random do t  p a t t e r n s  were p r e s e n t e d  on two o s c i l l o s c o p e  s c r e e n s .  The 
two p a t t e r n s  were viewed in d e p e n d e n t ly  by th e  two ey es  by means of  a 












F i g u r e  3 . 5 .
lb )
( a )  The e x p e r i m e n t a l  a r ra n g e m e n t  u se d  f o r  m a tc h in g  d e p th  from  m o tio n  
p a r a l l a x  and s t e r e o s c o p i c  d e p t h .  The o b s e rv e r  v iew ed th e  p a r a l l a x  
d i s p l a y  w h i l e  moving on th e  c h i n r e s t  and th e n  looked  a t  t h e
s t e r e o  d i s p l a y ,
(b) I n  t h e  s t e r e o  d i s p l a y ,  two random d o t  p a t t e r n s ,  w h ich  were v iew ed  
i n d e p e n d e n t l y  by  t h e  two e y e s ,  were d i s t o r t e d  by a s i g n a l  o f  t h e  same 
shape  b u t  w i th  o p p o s i t e  p h a s e .  T h is  c r e a t e d  d i s p a r i t i e s  be tw een  th e  
two p a t t e r n s  so t h a t  a d e p th  s u r f a c e  was p e r c e iv e d  when th e y  were 
f u s e d  s t e r e o s c o p i c a l l y .
/ i i i f
Ïc o n ta i n in g  d i f f e r e n t  amounts o f  p e a k - t ro u g h  d e p th  were s im u la te d  u s in g  
p a t t e r n s  of r e l a t i v e  m o tio n  as  d e s c r ib e d  e a r l i e r .  In  t h e  s t e r e o s c o p i c  
d i s p l a y  c o r r u g a te d  d e p th  s u r f a c e s ,  o f  th e  same sh ap e  as  th o s e  s im u la te d I
i n  th e  p a r a l l a x  d i s p l a y ,  were produced  by i n t r o d u c i n g  b i n o c u l a r  ^
d i s p a r i t i e s  be tw een  two random d o t  p a t t e r n s .  The h o r i z o n t a l  
d i s p a r i t i e s  betw een th e  two p a t t e r n s  were c r e a te d  by a d d in g  a d i s p a r i t y  
s i g n a l  of o p p o s i t e  phase  to  t h e  X in p u t  of each  s c o p e .  For exam ple ,  
a d d in g  a s i n e  wave o f  o p p o s i t e  phase  to  each scope  c r e a t e d  d i s p a r i t i e s  
such  t h a t ,  when th e  two p a t t e r n s  were viewed s t e r e o s c o p i c a l l y ,  a 
s i n u s o i d a l l y  c o r r u g a te d  d e p th  s u r f a c e  was p e r c e iv e d  ( F ig u r e  3 . 5 b ) .  The 
sh a p e  o f  th e  t h r e e - d i m e n s i o n a l  s u r f a c e  cou ld  be a l t e r e d  by c h a n g in g  th e  3
form  of th e  d i s p a r i t y  s i g n a l  and th e  amount of p e r c e iv e d  d e p th  co u ld  be 
changed by v a r y in g  th e  a m p l i tu d e  o f  t h i s  s i g n a l .  I n  t h e  p r e s e n t  
e x p e r im e n t ,  th e  d i s p a r i t y  s i g n a l  s p e c i f i e d  a c o r r u g a te d  s u r f a c e  o f  t h e  
same shape a s  t h a t  s im u la te d  i n  t h e  p a r a l l a x  d i s p l a y .  The a m p l i tu d e  of 
t h e  d i s p a r i t y  s i g n a l  co u ld  be a l t e r e d  by th e  o b s e r v e r ,  so  t h a t  th e  
d e p th  o f  th e  s t e r e o  s u r f a c e  c o u ld  be a d ju s t e d  t o  m atch th e  p e r c e iv e d  
d e p th  o f  th e  p a r a l l a x  s u r f a c e .
O b s e rv e r s  were a sked  to  make m atches f o r  s im u la te d  m otion  
p a r a l l a x  s u r f a c e s  of t h r e e  d i f f e r e n t  d e p th s .  Judgem en ts  were made f o r  
p a r a l l a x  s u r f a c e s  viewed i n  b o th  a c t i v e  and p a s s i v e  p a r a l l a x  
c o n d i t i o n s .  For t h e  t h r e e  d i f f e r e n t  d e p th s ,  t h e  amount o f  r e l a t i v e
m o tio n  betw een  a peak and a t ro u g h  o f  th e  p a t t e r n  was 0 . 7 ,  1 .5  and 3 .4
m in u te s  of a r c  f o r  each d e g re e  of head o r  scope movement. I n  each  c a s e  |
t h e  s p a t i a l  f re q u e n c y  of t h e  d e p th  c o r r u g a t i o n  was s e t  a t  0 .3  
c o r r u g a t i o n  c y c le s  p e r  d e g re e  of v i s u a l  a n g le .  O b s e rv e r s  v iew ed th e  
p a r a l l a x  s u r f a c e  f o r  s e v e r a l  s e c o n d s ,  w h i le  moving from s id e  to  s i d e  on 
th e  c h i n r e s t  i n  t h e  a c t i v e  p a r a l l a x  s i t u a t i o n ,  o r  w h i le  v iew in g  th e
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moving scope  i n  t h e  p a s s i v e  p a r a l l a x  s i t u a t i o n .  They th e n  moved t o  th e  
s t e r e o  d i s p l a y  and a d j u s t e d  th e  a m p l i tu d e  of th e  d i s p a r i t y  s i g n a l  u n t i l  
t h e  p e r c e iv e d  d e p th  o f  t h e  s t e r e o s c o p i c  s u r f a c e  a p p e a re d  to  match th e  
p e r c e iv e d  d e p th  o f  th e  p a r a l l a x  s u r f a c e .  S u b je c t s  were a l lo w e d  to  
s w i tc h  be tw een  th e  two d i s p l a y s  s e v e r a l  t im es u n t i l  th e y  w ere  s a t i s f i e d  
t h a t  th e  peak to  t ro u g h  d e p th  was th e  same f o r  bo th  s u r f a c e s .
The r e s u l t s  o b t a in e d  i n  t h i s  i n i t i a l  m atch ing  e x p e r im e n t  a r e  
shown i n  F ig u r e  3 . 6 a .  The amount o f  p h y s i c a l  d i s p a r i t y  needed  to  m atch 
th e  p e r c e iv e d  d e p th  o f  t h e  p a r a l l a x  s u r f a c e  i n c r e a s e d  a s  t h e  amount o f  
r e l a t i v e  movement i n  t h e  p a r a l l a x  t r a n s f o r m a t i o n  i n c r e a s e d .  T h is  was
a b s o l u t e  d e p th .
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t r u e  bo th  in  th e  a c t i v e  p a r a l l a x  c o n d i t i o n  and i n  th e  p a s s i v e  p a r a l l a x  
s i t u a t i o n ,  a l th o u g h  th e  amount o f  p e r c e iv e d  d e p th  was a l i t t l e  l e s s  f o r  
t h e  p a s s i v e  p a r a l l a x  c o n d i t i o n .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  
p e r c e iv e d  d e p th  was l e s s  th a n  t h a t  which would be p r e d i c t e d  from 
t h e o r e t i c a l  c a l c u l a t i o n s ,  p a r t i c u l a r l y  a t  l a r g e  a m p l i tu d e s  ( d o t t e d  
l i n e s  i n  F ig u r e  3 . 6 a ) .  T h is  seems to  be i n  a c c o rd a n c e  w i th  t h e  
phenomenal im p r e s s io n  t h a t ,  a t  l a r g e  a m p l i tu d e s ,  th e  p e r c e iv e d  d e p th  
re a c h e d  an a s y m p to t i c  l e v e l  and r e l a t i v e  movement was th e n  n o t i c e d  
w i t h i n  th e  s u r f a c e .  T h a t  i s ,  above a c e r t a i n  l i m i t ,  t h e  a d d i t i o n a l  
r e l a t i v e  m otion  was no lo n g e r  i n t e r p r e t e d  as  an i n c r e a s e d  d e p th  j-
d i f f e r e n c e  bu t  was p e r c e iv e d  a s  m o t io n .  A nother  f a c t o r  w hich m ig h t  ?
have  c o n t r i b u t e d  to  t h e  d i s c r e p a n c y ,  was t h a t  c o r r e c t  m a tch in g  depended  
on th e  a c c u r a c y  w i th  which r e l a t i v e  dep th  based  on d i s p a r i t y  was 
p e r c e iv e d .  F i n a l l y ,  t h e  amount of dep th  p e rc e iv e d  i n  a p a r a l l a x  
s u r f a c e  depends on th e  d i s t a n c e  o f  th e  d i s p l a y  from th e  o b s e r v e r  and '
t h e  e x t e n t  o f  t r a n s l a t i o n .  I f  t h e s e  p a ra m e te rs  were m i s p e r c e i v e d , t h e  I
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R e c e n t  e x p e r im e n t s  d e s ig n e d  to  e x te n d  t h e s e  o r i g i n a l  f i n d i n g s ,  
have  i n v e s t i g a t e d  s t e r e o - p a r a l l a x  m atch in g  u s in g  a more s o p h i s t i c a t e d  
e x p e r im e n ta l  a r r a n g e m e n t  f o r  com paring s t e r e o  and p a r a l l a x  d e p th .  T his  
d i s p l a y  i s  d e s c r i b e d  i n  c h a p te r  8 . P a r a l l a x  i n f o r m a t io n  was p ro v id e d  
by i n t r o d u c i n g  r e l a t i v e  m otion  i n t o  a random p a t t e r n  d i s p l a y e d  on an 
o s c i l l o s c o p e  which swung from s id e  to  s id e  a c ro s s  th e  o b s e r v e r s  l i n e  o f  
s i g h t .  F ig u r e  3 .6 b  shows t h a t  i n  t h i s  p a s s iv e  p a r a l l a x  s i t u a t i o n ,  
s t e r e o  and p a r a l l a x  d e p th  cou ld  be s u c c e s s f u l l y  matched b u t  a g a in  th e  
m atched d i s p a r i t y  was l e s s  th an  th e  e q u iv a l e n t  d i s p a r i t y  of  th e  
p a r a l l a x  s u r f a c e .
3 .5  D i s c u s s io n  and f u r t h e r  in fo r m a l  o b s e r v a t i o n s .
The i n i t i a l  e x p e r im e n ta l  o b s e r v a t io n s  d e m o n s tra ted  c l e a r l y  t h a t  
m o tion  p a r a l l a x  was a s u f f i c i e n t  and e f f e c t i v e  cue f o r  th e  shape  and 
d e p th  o f  t h r e e - d i m e n s i o n a l  s u r f a c e s . 'Not on ly  was t h e  phenomenal 
im p r e s s io n  of  d e p th  s t r i k i n g ,  bu t  th e  amount of p e r c e iv e d  d e p th  i n  th e  
s u r f a c e  r e l a t e d  m o n o to n ic a l ly  to  th e  amount o f  r e l a t i v e  movement i n  th e  
d i s p l a y .  The p e r c e iv e d  d e p th  s u r f a c e  was c o m p le te ly  unambiguous and 
was p e r c e iv e d  a s  a r i g i d  t h r e e - d i m e n s i o n a l  s u r f a c e  c o n ta i n in g  no 
r e l a t i v e  m o tio n .  T h is  was t r u e  b o th  i n  an a c t i v e  p a r a l l a x  s i t u a t i o n ,  
w hich  s im u la te d  th e  r e l a t i v e  m otion  t r a n s f o r m a t io n s  p roduced  d u r in g  
a c t i v e  movement o f  t h e  o b s e r v e r ,  and in  a p a s s i v e  p a r a l l a x  s i t u a t i o n  
w hich  s im u la te d  movement of a  t h r e e - d i m e n s i o n a l  o b j e c t  a c r o s s  th e  l i n e  
o f  s i g h t  of a s t a t i o n a r y  o b s e r v e r .
The a c t u a l  e x t e n t  and v e l o c i t y  of head movement i n  th e  a c t i v e  
p a r a l l a x  s i t u a t i o n  d id  n o t  seem to  be c r u c i a l  f o r  th e  p e r c e p t i o n  o f  th e
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d e p th  e f f e c t s .  In d ee d  o b s e r v e r s  v a r i e d  c o n s id e r a b ly  i n  t h e i r  p r e f e r r e d
speed  f o r  v iew in g  th e  p a r a l l a x  d i s p l a y .  However, t h e s e  p a ra m e te r s  w ere
n o t  s y s t e m a t i c a l l y  i n v e s t i g a t e d .  P re v io u s  work by H e l l  (1 9 7 8 ) ,  
r e p o r t e d  i n  th e  l a s t  c h a p t e r ,  s u g g e s t s  t h a t  m otion  p a r a l l a x  r e a c h e s  an 
a s y m p to t ic  e f f e c t i v e n e s s  a t  head v e l o c i t i e s  above 6 c m s / s e c ,  and th e  
v e l o c i t i e s  used  h e r e  w ere  w e l l  above t h i s  l i m i t .  A no ther  f a c t o r  w hich 
m igh t  p o t e n t i a l l y  have  been  c r u c i a l  to  th e  r e p o r t e d  d e p th  e f f e c t s  was 
t h e  d e n s i t y  o f  t h e  random d o t  p a t t e r n  which c a r r i e d  th e  r e l a t i v e  m o tio n  
t r a n s f o r m a t i o n .  Due to  t h e  u s e  of s l i g h t l y  d i f f e r e n t  d i s p l a y s ,
d e n s i t i e s  were i n  f a c t  v a r i e d  by a f a c t o r  of f o u r  o v e r  a  s e r i e s  of
d i f f e r e n t  e x p e r im e n ts  and t h i s  d id  n o t  a l t e r  th e  n a t u r e  o f  t h e  d e p th
e f f e c t s .  The lo w e s t  d e n s i t y  used  was, however, n o t  l e s s  th a n  s i x
t e x t u r e  e le m en ts  p e r  d e g r e e .  Some p r e l im in a r y  o b s e r v a t i o n s  on th e  
e f f e c t  o f  d r a s t i c a l l y  r e d u c in g  th e  number o f  d o ts  a r e  r e p o r t e d  i n  t h e  
f o l l o w in g  c h a p te r .
I n  t h e  o b s e r v a t i o n s  d e s c r ib e d  so f a r ,  t h e  s u b j e c t  v iew ed th e  
t r a n s f o r m in g  random d o t  p a t t e r n  m o n o c u la r ly .  I t  i s  i n t e r e s t i n g  to  a l s o  
i n v e s t i g a t e  how th e  p e r c e p t i o n  o f  p a r a l l a x  s u r f a c e s  a l t e r s  when th e y  
a r e  viewed b i n o c u l a r l y .  I n  t h i s  s i t u a t i o n  c o n f l i c t i n g  s t e r e o s c o p i c  
in f o r m a t io n  i n d i c a t e s  t h a t  t h e  s u r f a c e  i s  f l a t .  I t  was found t h a t  when
o b s e r v e r s  viewed th e  p a r a l l a x  d i s p l a y  b i n o c u l a r l y ,  th e y  t y p i c a l l y
r e p o r t e d  t h a t  t h e  p a t t e r n  was s t i l l  p e rc e iv e d  as a t h r e e - d i m e n s i o n a l  
d e p th  s u r f a c e  bu t t h a t  r e l a t i v e  m o tio n  was p e rc e iv e d  w i t h i n  t h e  s u r f a c e  
and t h i s  made i t  a p p e a r  to  t w i s t  o r  deform . The p e r c e p t  was r a t h e r  
s i m i l a r  to  t h a t  o b s e rv e d  f o r  v e ry  h ig h  a m p l i tu d e s  o f  r e l a t i v e  m o tio n  
when th e  d ep th  e f f e c t  s t a r t e d  t o  b re a k  down. However, i t  was c l e a r  
t h a t  t h e  p e r c e p t i o n  o f  p a r a l l a x  d e p th  was n o t  d e s t r o y e d  by th e  p r e s e n c e  
o f  c o n f l i c t i n g  s t e r e o s c o p i c  i n f o r m a t io n .
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F i n a l l y ,  i n  l i g h t  of t h e  e q u iv o c a l  r e s u l t s  o b t a in e d  in  e a r l i e r  4
1s t u d i e s ,  o b s e r v e r s  were a l s o  a sk ed  to  lo o k  a t  a s t im u lu s  s i t u a t i o n  S
w hich  was more s i m i l a r  to  th o s e  u se d  i n  some o f  t h e s e  e a r l i e r  s t u d i e s  
( e g .  B r a u n s t e i n ,  1976; F a r b e r  and McConkie, 1 9 7 9 ) .  I t  was found t h a t ,  
i n  th e  p r e s e n t  s tu d y ,  th e  c o n s i s t e n t ,  unambiguous d e p th  e f f e c t s  found ï
f o r  p a r a l l a x  d e p th  depended c r u c i a l l y  on th e  l i n k a g e  betw een th e  
r e l a t i v e  movement o f  d i f f e r e n t  p a r t s  o f  th e  p a t t e r n  and th e  t r a n s l a t o r y  
mo-vement of t h e  o b s e rv e r  o r  t h e  o s c i l l o s c o p e .  When t h i s  l in k a g e  was 
t a k e n  away so t h a t  bo th  o b s e r v e r  and scope rem ained  s t a t i o n a r y ,  b u t  an 
e q u i v a l e n t  p a t t e r n  of r e l a t i v e  m o tio n  was s t i l l  i n t r o d u c e d  i n t o  th e  
random d o t  p a t t e r n ,  th e n  th e  d e p th  e f f e c t s  became am biguous . I n  most 
c a s e s ,  o b s e r v e r s  s t i l l  r e p o r t e d  p e r c e i v i n g  a d e p th  s u r f a c e  b u t  th e  
f r o n t / b a c k  r e l a t i o n s h i p s  w i t h i n  t h e  s u r f a c e  were n o t  c o n s i s t e n t l y  
p e r c e i v e d ,  so  t h a t ,  an i d e n t i c a l  p a r t  o f  th e  p a t t e r n  a p p e a re d  concave 
o r  convex a t  d i f f e r e n t  t im e s  and t h e s e  i n t e r p r e t a t i o n s  o f t e n  r e v e r s e d  
s p o n ta n e o u s ly .  T h is  d ep th  a m b ig u i ty  i s  s i m i l a r  to  t h a t  found i n  th e
K i n e t i c  D epth  E f f e c t ,  and in d ee d  i n  t h i s  s i t u a t i o n  th e  s t im u lu s
a p p e a re d  v e r y  l i k e  a KDE s t i m u lu s  s i n c e  th e  s u r f a c e  a p p e a re d  to  r o t a t e  
a b o u t  an a x i s  in  t h e  c e n t r e  of t h e  s c r e e n .  O f te n ,  some d e fo r m a t io n  was 
a l s o  o b s e rv e d  w i t h i n  t h e  s u r f a c e .  The c r u c i a l  f a c t o r  i n  d e te rm in in g  
w h e th e r  a  p a r a l l a x  s u r f a c e  w i l l  be p e r c e iv e d  unam biguously  seems to  be 
w h e th e r  t h e  o v e r a l l  d i r e c t i o n  of t r a n s l a t i o n  o f  th e  s u r f a c e  w i th  
r e s p e c t  t o  t h e  o b s e r v e r  can be d e te r m in e d .  When th e  r e l a t i v e  m o tion  i s  
n o t  / l i n k e d  to  head o r  scope movement t h e  p a r a l l a x  i n f o r m a t io n  s im u la te s  
a  s u r f a c e  p a s s i n g  beh ind  an a p e r t u r e  and such a s i t u a t i o n  has been
common i n  e a r l i e r  s t u d i e s  ( B r a u n s t e in  1976). T h is  s i t u a t i o n  does no t
seem to  a l l o w  t h e  o v e r a l l  t r a n s l a t i o n  of th e  p a t t e r n  to  be
u n e q u iv o c a l l y  p e r c e iv e d  e x c e p t  u n d e r  c e r t a i n  c o n d i t i o n s  ( B r a u n s t e in  and 
A n d e rse n ,  198 1 ) .  In  c o n t r a s t ,  when th e  r e l a t i v e  movement -3!J■4l'1





t r a n s f o r m a t io n  i s  l in k e d  to  t h e  movement of th e  o b s e r v e r  o r  t h e  s c o p e ,  
t h e  t r a n s l a t o r y  component o f  m o tio n  can e a s i l y  be d e te rm in e d  from th e  
r e l a t i v e  d i s p l a c e m e n t  o f  t h e  scope  w i th  r e s p e c t  t o  t h e  r e s t  o f  th e  
v i s u a l  f i e l d .  I n  t h e  c a se  o f  a c t i v e  p a r a l l a x ,  o f  c o u r s e ,  a d d i t i o n a l  
i n f o r m a t io n  from n o n - v i s u a l  s o u rc e s  can a l s o  p ro v id e  i n f o r m a t i o n  a b o u t  
t h e  e x t e n t  and d i r e c t i o n  o f  head movement. T his  m igh t be one r e a s o n  
f o r  th e  s l i g h t l y  l a r g e r  p e r c e iv e d  d e p th s  found f o r  th e  a c t i v e  p a r a l l a x  
c o n d i t i o n  i n  t h e  p r e s e n t  m a tch in g  e x p e r im e n t .
I n  summary, t h e  i n i t i a l  e x p e r im e n ts  on th e  p e r c e p t i o n  o f  d e p th
from  m otion  p a r a l l a x  d e m o n s t ra te d  t h a t  p a r a l l a x  can  a c t  a s  an e f f e c t i v e
cue  to  t h e  shape  and d e p th  o f  t h r e e - d i m e n s i o n a l  s u r f a c e s  i n  i s o l a t i o n
from  o t h e r  s o u rc e s  o f  d e p th  i n f o r m a t io n  (Rogers and Graham, 1 9 7 9 ) .  The
t e c h n iq u e  used  f o r  g e n e r a t i n g  p a r a l l a x  d e p th  s u r f a c e s  was f l e x i b l e  
enough to  a l lo w  f u r t h e r  i n v e s t i g a t i o n  of p a r a l l a x  p r o c e s s i n g .  The r e s t  
o f  t h i s  t h e s i s  d e s c r i b e s  e x p e r im e n ts  which were d e s ig n e d  t o  d e te r m in e  
t h e  p a ra m e te r s  o f  th e  m o tio n  p a r a l l a x  d ep th  sy s tem  i n  d e t a i l  and t o  
i n d i c a t e  th e  ty p e  o f  mechanisms w hich  m ight be in v o lv e d  i n  p r o c e s s i n g  #
p a r a l l a x  i n f o r m a t i o n .
I
C h a p te r  4 The S e n s i t i v i t y  o f  th e  M otion P a r a l l a x  D epth  
P r o c e s s i n g  System
4 .1  I n t r o d u c t i o n .
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The e x p e r im e n ts  d e s c r i b e d  i n  t h e  p r e v io u s  c h a p t e r  d e m o n s t ra te d  5
t h a t  m o tion  p a r a l l a x  can  a c t  as  a p o w e r fu l ,  a c c u r a t e  s o u rc e  o f  
i n f o r m a t io n  a b o u t  t h e  s t r u c t u r e  of  t h r e e - d i m e n s i o n a l  o b j e c t s  and 
s u r f a c e s .  The e x p e r im e n ts  d e s c r ib e d  i n  t h i s  and s u b s e q u e n t  c h a p te r s  
w ere  d e s ig n e d  to  i n v e s t i g a t e  th e  way i n  w hich d e p th  i n f o r m a t io n  from %
m o tio n  p a r a l l a x  i s  p ro c e s s e d  by th e  v i s u a l  sy s tem . T hat i s ,  to  
d e te r m in e  th e  u n d e r ly in g  c h a r a c t e r i s t i c s  of  th e  m o tio n  p a r a l l a x  
p r o c e s s in g  sy s tem .
An i n i t i a l  r e q u i r e m e n t ,  was to  d e te rm in e  th e  l i m i t i n g  c o n d i t i o n s  
f o r  th e  e f f e c t i v e  u se  of  m o tion  p a r a l l a x  i n f o r m a t io n .  T h is  was done by 
m e a su r in g  th e  v i s u a l  s y s te m 's  s e n s i t i v i t y  f o r  d e t e c t i n g  s m a l l  d e p th
m o d u la t io n s  i n  s u r f a c e s  s p e c i f i e d  by p a r a l l a x  i n f o r m a t i o n .  The minimum
amount of r e l a t i v e  movement t h a t  was needed  to  d e t e c t  t h a t  a s u r f a c e  
was c o r r u g a t e d  i n  d e p th ,  r a t h e r  th a n  f l a t ,  was t a k e n  as  a  m easu re  o f  
t h e  t h r e s h o l d  f o r  d e p th  p e r c e p t i o n .  By m easu r ing  t h i s  t h r e s h o l d  a s  a 
f u n c t i o n  o f  t h e  s p a t i a l  f re q u e n c y  o f  th e  d ep th  s u r f a c e ,  a s e n s i t i v i t y  
f u n c t i o n  was d e te rm in e d  which p ro v id e d  a good c h a r a c t e r i s a t i o n  o f  th e
p r o p e r t i e s  o f  th e  p r o c e s s in g  sy s te m . I n  th e  lu m in an ce  dom ain , th e
a n a lo g o u s  c o n t r a s t  s e n s i t i v i t y  f u n c t i o n ,  d e r iv e d  from t h r e s h o l d s  f o r  4i
d e t e c t i n g  th e  p r e s e n c e  of lum inance  g r a t i n g s  of d i f f e r e n t  s p a t i a l  
f r e q u e n c i e s ,  has  p roved  v e ry  u s e f u l  i n  c h a r a c t e r i s i n g  th e  p r o p e r t i e s  o f  l|
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lum inance  p r o c e s s in g  w i t h i n  t h e  v i s u a l  system  (Campbell and Robson, 




In  an e a r l i e r  s t u d y ,  T y le r  (1974) m easured  dep th  t h r e s h o l d s  f o r  
d e t e c t i n g  s t e r e o s c o p i c  c o r r u g a t i o n s ,  where th e  d e p th  was s p e c i f i e d  by 4
b i n o c u l a r  d i s p a r i t y .  A random d o t  s te r e o g ra m  was used  t o  p o r t r a y  a 
s u r f a c e  which was c o r r u g a t e d  i n  d e p th ,  such t h a t ,  th e  s p a t i a l  f r e q u e n c y  
o f  th e  c o r r u g a t i o n  d e c re a s e d  from  th e  top  to  th e  bottom  o f  t h e .  p a t t e r n ,  4
and th e  peak to  t ro u g h  d e p th  i n  th e  c o r r u g a t i o n  d e c re a se d  from th e  l e f t  
t o  th e  r i g h t  of th e  p a t t e r n  ( F ig u r e  4 . 1 a ) .  O bse rvers  were a sked  t o  
mark a l i n e  on th e  s u r f a c e  which r e p r e s e n t e d  th e  p o in t  a t  which th e  
d e p th  i n  th e  c o r r u g a t i o n  a p p e a re d  to  f a d e  out and th e  s u r f a c e  a p p e a re d  
t o  be f l a t .  T h is  l i n e  g iv e s  a rough m easure  of th e  t h r e s h o ld  d e p th  
a m p l i tu d e  needed to  d e t e c t  a d e p th  c o r r u g a t i o n  f o r  d i f f e r e n t  s p a t i a l  
f r e q u e n c i e s .
As shown i n  F ig u r e  4 .1 b ,  T y le r  found t h a t  as th e  s p a t i a l  f r e q u e n c y  
o f  th e  d e p th  c o r r u g a t i o n  i n c r e a s e d  from one c y c /d e g . ,  th e  peak to  
t ro u g h  d e p th  needed to  d e t e c t  th e  p r e s e n c e  of a c o r r u g a t i o n  i n c r e a s e d  
g r a d u a l l y  u n t i l ,  a t  ,a b o u t  4 c y c /d e g ,  and above , i t  was no lo n g e r  
p o s s i b l e  to  p e r c e iv e  a  c o r r u g a t e d  d e p th  s u r f a c e  a t  any a m p l i t u d e .  T h is  
p o i n t ,  t h e r e f o r e ,  r e f l e c t s  t h e  r e s o l u t i o n  l i m i t  f o r  d e t e c t i n g  
s t e r e o s c o p i c  d e p th  c o r r u g a t i o n s .  The c h a r a c t e r i s t i c s  o f  s t e r e o s c o p i c  
d e p th  s e n s i t i v i t y  f o r  s p a t i a l  f r e q u e n c i e s  below 1  c y c /d e g ,  was n o t  
d e te rm in e d  in  t h i s  s tu d y .  A w id e r  ran g e  of f r e q u e n c ie s  was, how ever ,  %
i n v e s t i g a t e d  in  a r e l a t e d  s tu d y  which looked  a t  th e  a b i l i t y  to  d e t e c t  
t h e  p r e s e n c e  o f  a  s i n u s o i d a l  d e p th  w ig g le  in  a s t e r e o s c o p i c ,  v e r t i c a l  
l i n e  ( T y le r ,  1 9 7 5 a ) .  H e re ,  a  f a l l - o f f  i n  s e n s i t i v i t y  s i m i l a r  t o  t h a t  5
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above 1 c y c /d e g .  For f r e q u e n c i e s  below I c y c /d e g ,  t h e r e  was a peak i n  ,3.
t h e  s e n s i t i v i t y  f u n c t i o n  be tw een  0 .3  and 1 c y c /d e g  w i th  s e n s i t i v i t y  
d e c r e a s in g  s u b s t a n t i a l l y  be low  t h i s  p o i n t .  I n  t h i s  s tu d y ,  T y le r  a l s o  
m easured  th e  u p p e r  d e p th  l i m i t ,  t h a t  i s ,  th e  maximum d i s p a r i t y  f o r  
which dep th  c o u ld  s t i l l  be p e r c e i v e d .  For l i n e  s t i m u l i ,  t h i s  l i m i t  
d e c re a s e d  l i n e a r l y  a s  t h e  s p a t i a l  f re q u e n c y  of t h e  d e p th  m o d u la t io n  
i n c r e a s e d .  The low er  and u p p e r  l i m i t s  f o r  p e r c e iv i n g  d e p th ,  m easured 
i n  t h i s  s t u d y ,  s u g g e s t  t h a t  t h e r e  a re  s t r i c t  s p a t i a l  l i m i t s  w i t h i n  
which th e  d i s p a r i t y  p r o c e s s in g  mechanism of  th e  human v i s u a l  sy s tem  can 
o p e r a t e .
A lthough  T y l e r  had i n v e s t i g a t e d  s t e r e o s c o p i c  d e p th  s e n s i t i v i t y ,  
t h e r e  had p r e v i o u s l y  been  no a t t e m p t  to  c h a r a c t e r i s e  th e  m otion  
p a r a l l a x  d e p th  p r o c e s s in g  sy s te m  i n  s i m i l a r  te rm s .  The deve lopm ent o f  
t h e  t e c h n iq u e  d e s c r ib e d  i n  t h e  l a s t  c h a p te r ,  made i t  p o s s i b l e  to  
m easure  t h r e s h o l d s  f o r  p a r a l l a x  d e p th  s u r f a c e s  as w e l l  a s  s t e r e o s c o p i c  
s u r f a c e s .  D e t e c t io n  t h r e s h o l d s  w ere ,  t h e r e f o r e ,  m easured  f o r  
c o r r u g a te d  d e p th  s u r f a c e s  w here t h e  d ep th  was s p e c i f i e d  by p a t t e r n s  o f  
r e l a t i v e  m o t io n ,  r a t h e r  th a n  d i s p a r i t y .  S in u s o id a l  d e p th  c o r r u g a t i o n s  - I
w ere  s im u la te d  by i n t r o d u c i n g  th e  a p p r o p r i a t e  p a t t e r n  of r e l a t i v e  i
m o tio n  i n t o  a random d o t  p a t t e r n ,  a s  d e s c r ib e d  p r e v i o u s l y .  T h re s h o ld  |
was d e f in e d  as  th e  minimum amount o f  r e l a t i v e  movement be tw een  th e  p a r t  '
,t
o f  th e  p a t t e r n  c o r r e s p o n d in g  to  a  peak  and th e  p a r t  c o r r e s p o n d in g  to  a < |
t r o u g h ,  t h a t  was needed  f o r  d e p th  m o du la tion  t o  be d e t e c t e d .  T h is  
t h r e s h o l d  was m easured  f o r  s im u la te d  s i n u s o i d a l  c o r r u g a t i o n s  w hich 
v a r i e d  ove r  a  r a n g e  o f  s p a t i a l  f r e q u e n c i e s .
To a l lo w  th e  c h a r a c t e r i s t i c s  o f  p a r a l l a x  s e n s i t i v i t y  to  be 
l e g i t i m a t e l y  compared w i th  th o s e  f o r  s t e r e o s c o p i c  d e p th ,  s e n s i t i v i t y
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f u n c t i o n s  were a l s o  d e te rm in e d  f o r  c o r r u g a te d  d e p th  s u r f a c e s  s p e c i f i e d  |
i
by b i n o c u l a r  d i s p a r i t i e s .  T h r e s h o ld s  f o r  d e t e c t i n g  s t e r e o s c o p i c  $
c o r r u g a t i o n s  were m easured  u s in g  i d e n t i c a l  d i s p l a y  c h a r a c t e r i s t i c s  and 
p s y c h o p h y s i c a l  p r o c e d u r e s  t o  t h o s e  u se d  f o r  p a r a l l a x  s u r f a c e s .  T h is  
p a r t  o f  t h e  e x p e r im e n t  was an e x t e n s i o n  o f  T y l e r ' s  i n i t i a l  s tu d y  o f  
s e n s i t i v i t y  to  s t e r e o s c o p i c  d e p th  c o r r u g a t i o n s  ( T y le r ,  1 9 7 4 ) .
4 . 2 . M ethods.
1 )  M otion  p a r a l l a x  s u r f a c e s
M otion  p a r a l l a x  i n f o r m a t io n  s p e c i f y i n g  s i n u s o i d a l l y  c o r r u g a te d  
s u r f a c e s  was p roduced  i n  t h e  g e n e r a l  way d e s c r ib e d  i n  t h e  l a s t  c h a p t e r ,  
b u t  u s in g  a more s o p h i s t i c a t e d  e x p e r im e n ta l  a r ra n g e m e n t  ( F ig u r e  4 . 2 ) .  4
As b e f o r e ,  o b s e r v e r s  v iew ed , m o n o c u la r ly ,  a  tw o -d im e n s io n a l  random d o t  
p a t t e r n  on an o s c i l l o s c o p e ,  a s  th e y  moved from s id e  to  s id e  on a 
c h i n r e s t .  As th e  o b s e r v e r  moved, th e  p a t t e r n  was s y s t e m a t i c a l l y  
t r a n s fo r m e d  in  such  a way a s  to  s im u la t e  t h e  m o tion  p a r a l l a x  
i n f o r m a t io n  t h a t  i s  p ro v id e d  a s  an o b s e rv e r  moves l a t e r a l l y  w h i le  f
v ie w in g  a r e a l  t h r e e - d i m e n s i o n a l  s u r f a c e .  For t h e  p r e s e n t  e x p e r im e n t  
th e  s im u la te d  s u r f a c e  was a s i n u s o i d a l l y  c o r r u g a te d  s u r f a c e  of v a r y in g  
s p a t i a l  f r e q u e n c y  and peak t o  t ro u g h  d e p th  ( a m p l i t u d e ) .  The d e t a i l s  o f  
s t i m u lu s  g e n e r a t i o n  a r e  shown i n  F ig u r e  4 .2 .  The random do t  p a t t e r n  -
was d i s p l a y e d  on a H e w le t t  P a c k a rd  l a r g e ' s c r e e n  o s c i l l o s c o p e  (HP1304A) . %
'Il o c a t e d  57cms. from th e  o b s e r v e r s  e y e s ,  so t h a t ,  t h e  s c r e e n  su b te n d e d  ?
25deg ( h o r i z o n t a l l y )  by 20deg ( v e r t i c a l l y )  o f  v i s u a l  a n g l e .  The random 
d o t  p a t t e r n  was g e n e ra te d  u s in g  a M atrox  ALT 256 g r a p h i c s  b oa rd  w hich 
was lo ad e d  u s in g  a Cromemco System  I I I  co m p u te r .  The g r a p h i c s  board  
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l i g h t  o r  d a rk  w i th  a  50% p r o b a b i l i t y .  The p a t t e r n  was d i s p l a y e d  on th e  
o s c i l l o s c o p e  s c r e e n  u s in g  a r a s t e r  s c a n ,  where th e  X and Y d e f l e c t i o n  |
s i g n a l s  were t r i g g e r e d  by l i n e  and fram e sync p u l s e s  from th e  g r a p h i c s  
b o a rd .  The d i s p l a y  was r e f r e s h e d  a t  a  r a t e  of 50Hz.
The p a r a l l a x  o r  d i s t o r t i o n  s i g n a l ,  which p roduced  th e  r e l a t i v e  
m o tio n  t r a n s f o r m a t io n  o f  t h e  p a t t e r n ,  was g e n e ra te d  u s in g  a W avetek 175 
a r b i t r a r y  waveform g e n e r a t o r ,  w hich  was s y n c h ro n is e d  to  th e  fram e r a t e  
o f  th e  d i s p l a y .  I n  t h e  p r e s e n t  e x p e r im e n t  t h i s  s i g n a l  was a s i n u s o i d a l  
waveform  of  v a r i a b l e  f r e q u e n c y  and a m p l i tu d e .  The a m p l i tu d e  o f  t h i s  
s i g n a l  was a l s o  c o n t i n u o u s ly  m o d u la ted  by a  v o l t a g e  d e r iv e d  from a 
p o t e n t i o m e t e r " which m o n i to re d  th e  p o s i t i o n  of th e  c h i n r e s t .  I n  t h i s  
way, th e  r e l a t i v e  m o tion  t r a n s f o r m a t i o n  was l in k e d  to  th e  movement o f  
t h e  o b s e rv e r  such  t h a t  when th e  o b s e r v e r  rem ained  s t a t i o n a r y  t h e r e  was 
no r e l a t i v e  movement. The d i s p l a y  t h e r e f o r e  s im u la te d  th e  p a r a l l a x  
i n f o r m a t io n  w hich i s  p ro d u ced  by a r e a l  t h r e e - d i m e n s i o n a l  s u r f a c e  when 
i t  i s  viewed d u r in g  l a t e r a l  movement. As r e p o r t e d  i n  th e  l a s t  c h a p t e r ,  
when o b s e rv e r s  viewed th e  t r a n s f o r m in g  random d o t  p a t t e r n  w h i le  moving 
from  s id e  to  s i d e ,  th e y  p e r c e iv e d  a s o l i d  t h r e e - d i m e n s i o n a l  s u r f a c e  
w h ich  a p p e a re d  c o r r u g a te d  i n  d e p th .  The r e l a t i v e  m o tion  w i t h i n  th e  
p a t t e r n  was n o t  p e r c e i v e d .  The f r e q u e n c y  and o v e r a l l  a m p l i tu d e  o f  th e  
p a r a l l a x  s i g n a l  d e te rm in e d  th e  p e r c e iv e d  s p a t i a l  f re q u e n c y  and peak to  
t ro u g h  d e p th  o f  t h e  d e p th  c o r r u g a t i o n .
i i )  S t e r e o s c o p ic  s u r f a c e s
I n  o r d e r  to  compare s e n s i t i v i t y  f o r  d ep th  from m otion  p a r a l l a x  to  
t h a t  f o r  s t e r e o s c o p i c  d e p th ,  t h e  a p p a r a tu s  shown i n  F ig u re  4 .3  was used  ^
t o  d i s p l a y  s t e r e o s c o p i c  s u r f a c e s .  The s t e r e o  s u r f a c e s  were i d e n t i c a l
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to  th o s e  p roduced  i n  th e  m o tio n  p a r a l l a x  d i s p l a y ,  e x c e p t  t h a t  th e  d e p th  ,
i n f o r m a t io n  was g iv e n  by b i n o c u l a r  d i s p a r i t y  r a t h e r  th a n  r e l a t i v e  
m o tio n .
The s t e r e o s c o p i c  d i s p l a y  c o n s i s t e d  o f  two H e w le t t -P a c k a rd  1304A 
d i s p l a y  sc o p es  w hich  w ere  v iew ed s t e r e o s c o p i c a l l y  th ro u g h  a p a i r  o f  J|
m i r r o r s  in  f r o n t  of th e  observer*  s eyes  and a t  45 d e g re e s  to  th e  l i n e  of 
s i g h t .  The scopes  w ere  p o s i t i o n e d  57cms from th e  o b s e r v e r ’ s eyes  and 
su b te n d e d  25deg ( h o r i z o n t a l l y )  by 20deg ( v e r t i c a l l y ) .  I d e n t i c a l  random '4
d o t  p a t t e r n s  w ere  d i s p l a y e d  on th e  two s c re e n s  and c o n s i s t e d  o f  an 
a r r a y  of  256 by 256 p o i n t s  w hich were randomly b r i g h t  o r  d a rk .  The 
a n g u la r  s u b te n s e  and th e  o v e r a l l  d o t  d e n s i t y  of th e  p a t t e r n  was 
t h e r e f o r e  i d e n t i c a l  to  t h a t  u sed  i n  t h e  p a r a l l a x  d i s p l a y .  When viewed 
s t e r e o s c o p i c a l l y ,  t h e s e  two p a t t e r n s  were fu se d  and were se en  as  a 
s i n g l e  f l a t  tw o -d im e n s io n a l  random d o t  p a t t e r n  i n  t h e  p la n e  o f  th e
o s c i l l o s c o p e  s c r e e n .  A s i n u s o i d a l l y  c o r r u g a te d  d e p th  s u r f a c e  was 
p roduced  by i n t r o d u c i n g  a  h o r i z o n t a l  s h i f t  o r  d i s p a r i t y  be tw een  th e
rows of t h e  two p a t t e r n s ,  w here th e  e x t e n t  o f  th e  s h i f t  v a r i e d
s i n u s o i d a l l y  from  th e  to p  to  t h e  bo t tom  of th e  p a t t e r n .  To do t h i s ,  a 
s i n e  wave s i g n a l  from t h e  Wavetek 175 was f e d  to  each  o f  t h e  two
s c o p e s ,  w i th  th e  p h a se  of t h e  s i g n a l  b e in g  o p p o s i t e  f o r  each  s c o p e .
T h is  c r e a t e d  th e  a p p r o p r i a t e  d i s p a r i t i e s  betw een th e  p a t t e r n s  on th e
two s c o p e s ,  so t h a t ,  when th e y  were f u s e d ,  a s i n g l e ,  t h r e e - d i m e n s i o n a l
c o r r u g a t e d  s u r f a c e  was p e r c e i v e d .  By c hang ing  th e  f r e q u e n c y  and
a m p l i tu d e  of th e  d i s p a r i t y  s i g n a l ,  t h e  s p a t i a l  f re q u e n c y  and th e  peak
t o  t ro u g h  d e p th  of  th e  p e r c e iv e d  c o r r u g a t i o n  cou ld  be v a r i e d .  I t  was
t h e r e f o r e  p o s s i b l e  to  s i m u l a t e  i d e n t i c a l  d e p th  s u r f a c e s  i n  b o th  th e




i l l )  P ro c e d u re
The same p s y c h o p h y s i c a l  p r o c e d u r e s  were used  to  m easure  t h r e s h o l d s  
f o r  p e r c e i v i n g  b o th  p a r a l l a x  and s t e r e o  c o r r u g a te d  s u r f a c e s .  An
a s c e n d in g  method of  l i m i t s  was used  i n  bo th  c a s e s .  The a m p l i tu d e  o f
th e  peak  to  t r o u g h  d e p th  i n  th e  c o r r u g a te d  s u r f a c e  was i n c r e a s e d  
g r a d u a l l y  u n t i l  t h e  o b s e r v e r  c o u ld  j u s t  p e r c e iv e  t h a t  a  c o r r u g a t e d  
d e p th  s u r f a c e  was p r e s e n t .  T h is  was done by i n c r e a s i n g  th e  g a in  o f  th e  
d i s t o r t i o n  s i g n a l  f o r  th e  p a r a l l a x  d i s p l a y ,  o r  t h e  a m p l i tu d e  o f  th e  
d i s p a r i t y  s i g n a l  f o r  t h e  s t e r e o s c o p i c  d i s p l a y .  T h is  had th e  e f f e c t  o f  
i n c r e a s i n g  th e  o v e r a l l  amount o f  r e l a t i v e  movement, o r  d i s p a r i t y ,  
p r e s e n t  i n  t h e  d i s p l a y .  The o b s e r v e r  was r e q u i r e d  to  p r e s s  a  key  as  
soon  as a c o r r u g a t e d  d e p th  s u r f a c e  c o u ld  be p e r c e iv e d ,  and was a sk e d  to  
r e p o r t ,  v e r b a l l y ,  t h e  number and p h ase  of th e  c o r r u g a t i o n  c y c le s  t h a t  
w ere  p e r c e iv e d  i n  t h e  d e p th  s u r f a c e .  T h is  r a t h e r  c o n s e r v a t i v e
c r i t e r i o n  was u sed  to  e n s u re  t h a t  o b s e rv e r s  were making t h e i r
judgem en ts  on t h e  b a s i s  o f  p e r c e iv e d  d e p th  and n o t ,  f o r  exam p le ,  on th e  
d e t e c t i o n  of r e l a t i v e  movement o r  d i s p l a c e m e n t .
M otion p a r a l l a x  and s t e r e o s c o p i c  t h r e s h o l d s  were m easured  on 
s e p a r a t e  d a y s ,  f o r  t h r e e  o b s e r v e r s .  For  th e  m otion  p a r a l l a x  d i s p l a y ,  
o b s e r v e r s  view ed th e  s t i m u lu s  m o n o c u la r ly  w h i le  moving from  s id e  to  
s i d e  on th e  c h i n r e s t ,  w h i l e  f o r  t h e  s t e r e o  d i s p l a y ,  o b s e r v e r s  rem ained  ï
s t a t i o n a r y  and v iew ed th e  fu se d  p a t t e r n  b i n o c u l a r l y .  Each e x p e r im e n ta l  
s e s s i o n  c o n s i s t e d  o f  48 t r i a l s  c o m p r is in g  e i g h t  r e p e t i t i o n s  o f  s i x  
d i f f e r e n t  s p a t i a l  f r e q u e n c i e s  p r e s e n t e d  i n  random o r d e r .  On each t r i a l  
t h e  a m p l i tu d e  o f  t h e  d e p th  c o r r u g a t i o n  was i n c r e a s e d  i n  10% (0 .82dB ) 
s t e p s ,  from a v a lu e  a round  s i x  to  e i g h t  s t e p s  below th e  p r e v io u s  
t h r e s h o l d  s e t t i n g ,  a t  a  r a t e  of one s t e p  e v e ry  s e c o n d .  When th e
i
o b s e rv e r  c o u ld  j u s t  p e r c e iv e  th e  d e p th  m o d u la t io n ,  a k e y p re s s  
t e r m in a te d  t h e  t r i a l  and th e  a m p l i tu d e  of th e  c o r r u g a t i o n  was r e s e t  to
z e r o ,  so t h a t  o n ly  a  f l a t  random d o t  s u r f a c e  was p r e s e n t  on th e  s c r e e n .  4
■jThe amount of o v e r a l l  r e l a t i v e  movement, o r  d i s p a r i t y ,  t h a t  was p r e s e n t  
w i t h i n  th e  d e p th  s u r f a c e  a t  th e  t im e  of  th e  k e y p re s s  was r e c o r d e d  a s  ^
th e  t h r e s h o l d  m easu re  f o r  each  t r i a l .  j
4 .3  R e s u l t s .  \
The m easu red  s e n s i t i v i t y  f u n c t i o n s  f o r  p e r c e i v i n g  d e p th  from
rm o tio n  p a r a l l a x  i n f o r m a t io n  a r e  p l o t t e d  i n  F ig u re  4 .4  f o r  th e  t h r e e  
s u b j e c t s .  Each d a t a  p o i n t  shows, f o r  each s p a t i a l  f r e q u e n c y ,  t h e  
a v e ra g e  amount of peak to  t ro u g h  r e l a t i v e  m otion  w i t h i n  t h e  s u r f a c e  a t  
t h e  p o i n t  w here  d e p th  co u ld  j u s t  be p e r c e iv e d .  The t h r e s h o l d  i s  
e x p re s s e d  a s  t h e  amount of r e l a t i v e  d i s p la c e m e n t ,  i n  se c  a r c ,  be tw een  a 
row i n  th e  p a t t e r n  c o r r e s p o n d in g  to  a  peak and a  row c o r r e s p o n d in g  t o  a 
t r o u g h ,  p roduced  by each  c e n t i m e t r e  of o b s e rv e r  movement. On th e  
a b s c i s s a ,  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  p e rc e iv e d  c o r r u g a t i o n  i s  p l o t t e d  
i n  c y c le s  p e r  d e g re e  o f  v i s u a l  a n g l e .
The shape  o f  t h e  o b se rv e d  s e n s i t i v i t y  f u n c t i o n  was v e ry  s i m i l a r  
f o r  a l l  t h r e e  o b s e r v e r s .  As shown i n  F ig u re  4 . 4 ,  th e  peak  s e n s i t i v i t y  
f o r  d e t e c t i n g  c o r r u g a t e d  s u r f a c e s  o c c u re d  when th e  s p a t i a l  f re q u e n c y  o f  
t h e  s u r f a c e  was be tw een  0 .2  and 0 .4  c y c /d e g .  S e n s i t i v i t y  d e c re a s e d  a t  M
b o th  h i g h e r  and low er  s p a t i a l  f r e q u e n c i e s .  For two s u b j e c t s ,  i n  t h e  
r e g i o n  of peak  s e n s i t i v i t y ,  t h e  amount of peak  to  t ro u g h  r e l a t i v e  
m o tio n  needed to  p e r c e iv e  d e p th  m o d u la t io n  was o n ly  6 se c  a r c  f o r  e ach  
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Spatial Frequency (cyc/deg)
F ig u re  4 . 4 .
S e n s i t i v i t y  f u n c t i o n s  f o r  m o t io n  p a r a l l a x  d e p th :  The amount of r e l a t i v e  
m o tio n  be tw een  a  peak  and a  t r o u g h  f o r  e v e ry  c e n t i m e t r e  o f  o b s e r v e r  
movement, needed  t o  d e t e c t  t h e  p r e s e n c e  o f  a d e p th  c o r r u g a t i o n  was 
m easu red  a s  a f u n c t i o n  o f  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  d e p th  
c o r r u g a t i o n .  The d a t a  a r e  sh o w n .fo r  t h r e e  o b s e r v e r s ,  BJR (■ ) ,  MEG ( • ) ,  
and JGQ ( ♦ ) .
amount of r e l a t i v e  m o tio n  i s  e q u i v a l e n t  to  b e in g  a b l e ,  on th e  b a s i s  o f  
p a r a l l a x  i n f o r m a t i o n ,  t o  d e t e c t  t h a t  a r e a l  t h r e e - d i m e n s i o n a l  s u r f a c e  %
i s  c o r r u g a te d  when t h e r e  i s  a d i f f e r e n c e  i n  d ep th  o f  o n ly  1mm be tw een  
th e  peak  and th e  t ro u g h  o f  t h e  s u r f a c e .  A lthough th e  s e n s i t i v i t y  f o r  
p a r a l l a x  d e p th  i s  red u c e d  by a  f a c t o r  of  two f o r  t h e  t h i r d  s u b j e c t  t h i s  
s t i l l  r e p r e s e n t s  a  h ig h  s e n s i t i v i t y  to  d e p th  m o d u la t io n .
The s e n s i t i v i t y  f u n c t i o n s  o b t a in e d  f o r  d e t e c t i n g  c o r r u g a te d  d e p th
s u r f a c e s  w here  th e  d e p th  was s p e c i f i e d  by b i n o c u l a r  d i s p a r i t y ,  r a t h e r
t h a n  r e l a t i v e  m o tio n ,  a r e  shown i n  F ig u re  4 .5 .  The amount o f  d i s p a r i t y  
be tw een  a peak  and a t r o u g h  row a t  t h r e s h o l d  i s  e x p r e s s e d ,  i n  se c  a r c ,  
a s  a f u n c t i o n  of  th e  s p a t i a l  f re q u e n c y  of t h e  d e p th  c o r r u g a t i o n  i n  
c y c le s  p e r  d e g r e e .  Peak s e n s i t i v i t y  occu red  a t  be tw een  0 .2  and 0 .4  
c y c /d e g  and d e c re a s e d  a t  h i g h e r  and lower s p a t i a l  f r e q u e n c i e s .  In  
a b s o l u t e  t e r m s ,  peak s e n s i t i v i t y  was as  low as 20 s e c  a r c  peak  to  
t ro u g h  d i s p a r i t y  d i f f e r e n c e ,  and such  a v a lu e  compares w e l l  w i th  
m easu res  of  s t e r e o  s e n s i t i v i t y  found  i n  o th e r  s t u d i e s  ( T y l e r ,  1974,
1975; Schumer and Ganz, 1 9 7 9 ) .  T h is  l e v e l  of s e n s i t i v i t y  c o r r e s p o n d s  
t o  b e in g  a b l e  to  p e r c e i v e  t h e  d e p th  i n  a r e a l  t h r e e - d i m e n s i o n a l  
c o r r u g a t i o n  when th e  peak  t o  t r o u g h  d e p th  d i f f e r e n c e ,  o v e r  a b o u t  t h r e e  
d e g re e s  o f  v i s u a l  a n g l e ,  i s  o n ly  0.5mm.
The l e v e l  o f  s e n s i t i v i t y  found  i n  t h i s  e x p e r im e n t  f o r  d e t e c t i n g  
d e p th  m o d u la t io n  i n  b o th  p a r a l l a x  and s t e r e o s c o p i c  s u r f a c e s  com pares 
w e l l  w i th  t h e  e a r l y  t h r e s h o l d  d a t a  measured by T scherm ak-S eysenegg  
( 1 9 3 9 ) .  She found t h a t  two w i r e s  were p e rc e iv e d  to  l i e  a t  d i f f e r e n t  
d e p th s  when th e  p h y s i c a l  d e p th  d i f f e r e n c e  between them was 0.8mm f o r  |
m onocu la r  and 0.5mm f o r  b i n o c u l a r  v iew in g .  The v ie w in g  d i s t a n c e  was 
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Spatial Frequency (cyc/deg)
F ig u r e  4 . 5 .
S e n s i t i v i t y  f u n c t i o n s  f o r  s t e r e o s c o p i c  d e p th :  The amount o f  peak  to  
t ro u g h  d i s p a r i t y  t h a t  was n ee d ed  to  d e t e c t  t h e  p r e s e n c e  o f  a d e p th  
c o r r u g a t i o n  was m easu red  a s  a f u n c t i o n  o f  th e  s p a t i a l  f re q u e n c y  o f  t h e  
c o r r u g a t i o n .  The d a t a  a r e  shown f o r  t h r e e  o b s e r v e r s ,  BJR (■ ) ,
MEG ( # ) ,  and JGQ ( ♦ ) .
slightly higher.
One im m e d ia te ly  s t r i k i n g  f e a t u r e  o f  th e  two s e t s  o f  d a t a ,  i s  t h e  
c l o s e  s i m i l a r i t y  b e tw een  th e  s e n s i t i v i t y  f u n c t i o n s  f o r  m otion  p a r a l l a x  
and s t e r e o s c o p i c  d e p th .  To make t h i s  s i m i l a r i t y  c l e a r e r ,  t h e  d a t a  have 
been  r e p l o t t e d  i n  F i g u r e  4 . 6 ,  to  show th e  p a r a l l a x  and s t e r e o  
t h r e s h o l d s  t o g e t h e r  f o r  e a ch  o b s e r v e r .  For a l l  o b s e r v e r s  t h e  shape  o f  
t h e  f u n c t i o n  i s  r e m a rk a b ly  s i m i l a r  i n  b o th  c a s e s ,  w i th  peak  s e n s i t i v i t y  
o c c u r r in g  a t  t h e  same s p a t i a l  f r e q u e n c y  and f a l l i n g  o f f  a t  e i t h e r  s id e  
o f  t h i s  f r e q u e n c y .  I n  t h i s  f i g u r e  th e  p a r a l l a x  and s t e r e o  d a t a  have  
been  p l o t t e d  u s in g  th e  same o r d i n a t e  so t h a t  th e  a b s o l u t e  s e n s i t i v i t y  
t o  d e p th  f o r  each  sy s te m  can  be d i r e c t l y  com pared. T h is  i s  p o s s i b l e  
b e c au se  th e  d e p th  o f  a  p a r a l l a x  s u r f a c e ,  b e s id e s  b e in g  e x p re s s e d  as 
r e l a t i v e  m otion  p e r  d e g re e  of  head movement, can  a l s o  be e x p re s s e d  as 
t h e  d i s p a r i t y  o f  t h e  r e a l  t h r e e - d i m e n s i o n a l  s u r f a c e  s im u la te d  by u s in g  
t h i s  amount o f  r e l a t i v e  movement. I n t u i t i v e l y ,  f o r  a r e a l  t h r e e -  
d im e n s io n a l  s u r f a c e ,  i t  i s  p o s s i b l e  to  c a l c u l a t e  bo th  t h e  amount of 
peak  to  t ro u g h  r e l a t i v e  p a r a l l a x  produced  by th e  s u r f a c e  f o r  a  g iv e n  
e x t e n t  o f  'head m ovement, and th e  b i n o c u l a r  d i s p a r i t y  caused  by th e  peak 
t o  t ro u g h  d e p th  d i f f e r e n c e .  Hence, i t  i s  s t r a i g h t f o r w a r d  to  t r a n s f o r m  
one m easure  i n t o  t h e  o t h e r .  I n  f a c t ,  i n  th e  s p e c i a l  c a se  o f  l a t e r a l  
movement th ro u g h  a d i s t a n c e  e q u i v a l e n t  to  t h e  i n t e r o c u l a r  d i s t a n c e ,  th e
c u m u la t iv e  peak to  t ro u g h  r e l a t i v e  movement has th e  same v a lu e  as  th e
b i n o c u l a r  d i s p a r i t y  o f  th e  s u r f a c e .  As a r e s u l t  o f  t h i s  r e l a t i o n s h i p ,  
i t  Is  p o s s i b l e  to  t r a n s f o r m  t h r e s h o l d  d a ta  f o r  m otion  p a r a l l a x  s u r f a c e s  
i n t o  u n i t s  of e q u i v a l e n t  d i s p a r i t y , so t h a t  a d i r e c t  co m p ar iso n  can be 
made w i th  d a ta  f o r  s t e r e o s c o p i c  s u r f a c e s .  When th e  d a t a  a r e  p l o t t e d  i n  
t h i s  way ( F ig u r e  4 . 6 )  i t  can  be seen  t h a t  th e  a b s o lu t e  s e n s i t i v i t y  f o r
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Spatial Frequency (cyc/deg) 
(c)
F i g u r e  4 , 6 ,
The s e n s i t i v i t y  f u n c t i o n s  shown i n  F ig u r e s  4 ,4  and 4 .5  r e p l o t t e d  to  
a l lo w  t h e  p a r a l l a x  and s t e r e o s c o p i c  d e p th  s e n s i t i v i t i e s  t o  be 
compared f o r  each  o f  th e  o b s e r v e r s .  The d a t a  a r e  shown f o r  
BJR ( a ) ,  MEG (b )  and JGQ ( c ) .
 ....... I'' z : '/  - ' 4  ... V  Xv'^1 J'-
■i )  A b s o lu te  s e n s i t i v i t y  o f  t h e  m otion  p a r a l l a x  sy s tem
The s e n s i t i v i t y  f u n c t i o n s  f o r  p e r c e iv i n g  c o r r u g a t e d  d e p th  s u r f a c e s  
s p e c i f i e d  by m o tio n  p a r a l l a x  i n f o r m a t i o n ,  show t h a t  t h e  v i s u a l  sy s te m  
can u se  v e r y  s m a l l  r e l a t i v e  d i s p la c e m e n ts  betw een p a r t s  o f  a  t e x t u r e d  
s u r f a c e  to  o b t a i n  i n f o r m a t i o n  a b o u t  th e  r e l a t i v e  d e p th  w i t h i n  t h a t  
s u r f a c e  (R ogers  and Graham, 1 9 82a ) .  At th e  p o i n t  of maximum 
s e n s i t i v i t y  a  d i s p la c e m e n t  o f  o n ly  6 s e c .  a rc  f o r  each  c e n t i m e n t r e  o f  
head  movement was needed  to  p e r c e iv e  d e p th ,  and t h i s  d i s p la c e m e n t  
o ccu red  be tw een  rows o f  t h e  p a t t e r n  which were two to  f o u r  d e g re e s  
a p a r t .  T h is  r e p r e s e n t s  a  v e ry  h ig h  a c u i t y  f o r  d e p th  m o d u la t io n  and 
s u g g e s t s  t h a t  d e p th  from  r e l a t i v e  m otion  i s  y e t  a n o th e r  s e n s o r y
d im en s io n  f o r  w hich th e  v i s u a l  sy s tem  shows h y p e r a c u i t y .  As m en t io n e d  
above , t h i s  s e n s i t i v i t y  c o r r e s p o n d s  w e l l  to  t h a t  o b s e rv e d  f o r  d e t e c t i n g  
a dep th  d i f f e r e n c e  betw een two w i r e s .  T h is  s u g g e s t s  t h a t  t h e  e a r l y
t h r e s h o l d  s t u d i e s ,  d e s c r i b e d  i n  c h a p te r  2 , were i n  f a c t  m e a s u r in g  a 
t r u e  d e p th  t h r e s h o l d  r a t h e r  t h a n  a  d i f f e r e n t i a l  v e l o c i t y  o r  v e r n i e r  
a l ig n m e n t  t h r e s h o l d .  The d a t a  a l s o  d e m o n s t ra te  t h a t  t h e  a b i l i t y  to  u se  
r e l a t i v e  m o t io n  to  o b t a i n  d e p th  i n f o r m a t io n ,  e x te n d s  o v e r  a t  l e a s t  a 
f i v e  o c ta v e  ra n g e  o f  s p a t i a l  f r e q u e n c i e s .  I t  seem s, t h e r e f o r e ,  t h a t
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two f o r  two o f  t h e  t h r e e  o b s e r v e r s .  O bserver  BJR ( F ig u r e  4 . 6 a ) ,  f o r  
exam ple ,  showed a peak  s e n s i t i v i t y  f o r  s t e r e o s c o p i c  s u r f a c e s  o f  a ro u n d  ?
20 se c  a r c  o f  d i s p a r i t y ,  w h i l e  f o r  p a r a l l a x ,  peak s e n s i t i v i t y  was 
a round  40 s e c  a r c  o f  e q u i v a l e n t  d i s p a r i t y .  Fo r  o b s e r v e r  MEG ( F ig u r e  
4 .6 b )  t h e  a b s o l u t e  s e n s i t i v i t y  o f  b o th  sys tem s was v e ry  s i m i l a r .
4 .4  D i s c u s s i o n .
m otion  p a r a l l a x  can be an  e f f e c t i v e  so u rc e  of d e p th  i n f o r m a t io n  w hich  :#
i s  s u i t a b l e  f o r  p i c k in g  up v e ry  sm a l l  d e p th  m o d u la t io n s  i n  t h r e e -  a
d im e n s io n a l  s u r f a c e s .  i
S e n s i t i v i t y  to  p a r a l l a x  i n f o r m a t io n  seems to  v a ry  by a f a c t o r  o f  
two o r  t h r e e  be tw een  i n d i v i d u a l  s u b j e c t s .  T his  has  been  bo rne  o u t  by 
th e  m easurem ent of d e p th  t h r e s h o l d s  w i th  l a r g e  numbers o f  o b s e r v e r s  i n  
l a b o r a t o r y  c l a s s e s .  W hile some of  t h i s  v a r i a t i o n  u n d o u b te d ly  r e f l e c t s  
c r i t e r i o n  d i f f e r e n c e s ,  i t  h a s  been  found t h a t ,  w i th  p ro lo n g e d  p r a c t i c e  
a t  o b s e rv in g  th e  p a r a l l a x  s u r f a c e s  p roduced  i n  t h e s e  e x p e r im e n t s ,  th e  
s e n s i t i v i t y  f u n c t i o n  shows a s u b s t a n t i a l  i n c r e a s e .  In  some s e n s e ,  
t h e r e f o r e ,  a l e a r n i n g  p r o c e s s  o c c u rs  as  th e  o b s e rv e r  becomes more 
f a m i l i a r  w i th  t h i s  type  of s t im u lu s  and t h i s  may be s i m i l a r  t o  th e  
p e r c e p t u a l  l e a r n i n g  t h a t  o c c u rs  i n  p e r c e i v i n g  random d o t  s te r e o g ra m s  
( J u l e s z ,  1 9 7 1 ) .
The a b i l i t y  to  u se  m o tio n  p a r a l l a x  e f f e c t i v e l y  to  g a in  i n f o r m a t io n  
a b o u t  th e  t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  a s u r f a c e ,  c l e a r l y  depends  on 
t h e  a b i l i t y  to  d e t e c t  t h e  r e l a t i v e  m otion  be tw een  th e  images of 
d i f f e r e n t  t e x t u r e  e le m e n ts  b e lo n g in g  to  th e  s u r f a c e .  The q u e s t i o n ,  
t h e r e f o r e ,  a r i s e s  a s  to  how th e  d e p th  t h r e s h o ld s  m easured  i n  th e  
p r e s e n t  e x p e r im e n t  r e l a t e  t o  t h e  v i s u a l  sys tem s s e n s i t i v i t y  to  r e l a t i v e  »'
m o t io n .  A p r i o r i ,  i t  m igh t be th e  c a se  t h a t  d e p th  t h r e s h o l d s  a r e  
somewhat h i g h e r  due to  t h e  e x t r a  p r o c e s s in g  in v o lv e d  i n  e x t r a c t i n g  th e  
d e p th  i n f o r m a t io n  from th e  m o t io n .  P h e n o m e n o lo g ic a l ly ,  o b s e r v e r s  
r e p o r t e d  t h a t  i n  th e  p r e s e n t  e x p e r im e n t  t h e r e  was no p e r c e p t i o n  of 
r e l a t i v e  movement i n  t h e  s t i m u lu s  e i t h e r  b e f o r e ,  d u r in g  o r  a f t e r  th e  
d e p th  t h r e s h o l d  h as  been r e a c h e d .  However, i t  was found i n f o r m a l l y  Ï
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t h a t ,  when th e  s p a t i a l  f r e q u e n c y  o f  th e  c o r r u g a t i o n  was i n c r e a s e d  above 
t h e  ran g e  m easu red  h e r e  ( i e .  above 1 .6  c y c . / d e g . ) ,  t h e  d e p th  e f f e c t  
began  to  b re a k  down and r e l a t i v e  movement was p e r c e iv e d  w i t h i n  th e  
s u r f a c e .  So i t  seems p o s s i b l e  t h a t  a t  h i g h e r  f r e q u e n c i e s  where no 
d e p th  t h r e s h o l d  can  be m ea su red ,  a  t h r e s h o l d  f o r  d i f f e r e n t i a l  movement 
c o u ld  be m ea su red .
Much o f  t h e  d a t a  on r e l a t i v e  movement t h r e s h o l d s  has  been c a r r i e d
o u t  w i th  s t i m u l i  c o n t a i n i n g  o n ly  a c o u p le  o f  l i n e s  o r  p o i n t s  (G ibson  e t
a l . ,  1957; B r a n d a l i s e  and G o t t s d a n k e r ,  1959; McKee, 1 9 8 1 ) .  These
s t u d i e s ,  t h e r e f o r e  do n o t  p r o v id e  an  a d e q u a te  com par ison  f o r  th e
p r e s e n t  s t i m u l i .  However, a s tu d y  which h as  looked  a t  t h r e s h o l d s  f o r
d i f f e r e n t i a l  movement i n  random d o t  p a t t e r n s ,  and which has  used
s t i m u l i  v e ry  s i m i l a r  to  th o s e  used  h e r e ,  was r e c e n t l y  c a r r i e d  o u t  by
Nakayama and T y l e r  ( 1 9 8 1 a ) .  They u sed  h ig h  d e n s i t y  random d o t  p a t t e r n s ,
w hich  c o n ta in e d  r e l a t i v e  m o tio n ,  such  t h a t  each  row o s c i l l a t e d  from
s i d e  to  s id e  and th e  a m p l i tu d e  of  th e  o s c i l l a t i o n  v a r i e d  s i n u s o i d a l l y
from  th e  to p  to  th e  bo t tom  o f  t h e  p a t t e r n .  The s t i m u l i  were t h e r e f o r e
s i m i l a r  to  t h e  p a r a l l a x  s t i m u l i  used  h e r e  b u t  t h e  r e l a t i v e  m o tio n  was
n o t  l i n k e d  to  t h e  movement o f  t h e  o b s e r v e r  (who rem ained  s t a t i o n a r y
th ro u g h o u t  th e  e x p e r i m e n t ) .  Nakayama and T y l e r  r e p o r t  t h a t  t h e  s t i m u l i
w ere  p e r c e iv e d  a s  p a t t e r n s  of  r e l a t i v e  m o tion  and n o t  a s  t h r e e -
d im e n s io n a l  d e p th  s u r f a c e s .  The t h r e s h o l d  m easure  was t h e  minimum
o s c i l l a t i o n  a m p l i tu d e  t h a t  was needed  to  d e t e c t  movement i n  t h e  random
d o t  p a t t e r n .  They m easu red  t h r e s h o l d s  f o r  p a t t e r n s  w i th  s i n u s o i d a l
v e l o c i t y  g r a d i e n t s  of d i f f e r e n t  s p a t i a l  f r e q u e n c ie s  and f o r
o s c i l l a t i o n s  o f  d i f f e r e n t  te m p o ra l  f r e q u e n c i e s .  They found  t h a t  f o r  an
o s c i l l a t i o n  f r e q u e n c y  of 2Hz th e  a m p l i tu d e  o f  t h e  o s c i l l a t i o n  had to  be
o n ly  5 a r c  se c  f o r  movement to  be p e r c e iv e d  i n  th e  p a t t e r n .  T h is  v e ry  
'
h ig h  s e n s i t i v i t y  was found f o r  v e l o c i t y  p a t t e r n s  w i th  a  s p a t i a l
r e p e t i t i o n  f r e q u e n c y  o f  3 c y c l e s  p e r  d e g re e  which i s  w e l l  above  th e  
r a n g e  of m easured  f r e q u e n c i e s  f o r  p a r a l l a x  s u r f a c e s  i n  t h e  p r e s e n t
s tu d y .  M oreover ,  even  a t  t h i s  s p a t i a l  f r e q u e n c y ,  s e n s i t i v i t y  d e c r e a s e d  
r a p i d l y  f o r  low er  and h i g h e r  t e m p o ra l  f r e q u e n c i e s ,  so t h a t  a t  0 .5Hz th e  
t h r e s h o l d  o s c i l l a t i o n  a m p l i tu d e  was a round 40 sec  a r c .  T h is  t e m p o ra l  
f r e q u e n c y  i s  ro u g h ly  e q u i v a l e n t  to  t h a t  o f  th e  head movements made i n  
t h e  p r e s e n t  e x p e r im e n t .  Nakayama and T y le r  on ly  m easured  t h r e s h o l d s  a t  
lo w e r  s p a t i a l  f r e q u e n c i e s  when th e  tem p o ra l  f re q u e n c y  was r e l a t i v e l y  
h ig h  and so a d i r e c t  co m p ar iso n  of t h e  d i f f e r e n t i a l  m o tio n  and th e
p a r a l l a x  d e p th  t h r e s h o l d s  i s  n o t  p o s s i b l e .
When v iew ing  p a r a l l a x  d e p th  s u r f a c e s ,  o b s e rv e r s  found t h a t ,  w i t h i n  
t h e  s p a t i a l  and te m p o ra l  l i m i t s  n o rm a l ly  u s e d ,  i t  was n o t  p o s s i b l e  to  
p e r c e i v e  r e l a t i v e  m o tio n  w i th o u t  a l s o  p e r c e iv i n g  d e p th  i n  th e  s u r f a c e .  
T h is  was t r u e  even  when th e  r e l a t i v e  m otion  was n o t  l i n k e d  t o  head  
movement so t h a t  th e  s i t u a t i o n  was s i m i l a r  to  t h a t  used  by Nakayama and 
T y l e r .  I n  t h i s  c a s e ,  d e p th  was p e r c e iv e d  i n  th e  s u r f a c e  a l t h o u g h  th e  
d i r e c t i o n  o f  th e  d e p th  d i f f e r e n c e  was am biguous. I t  seem s, t h e r e f o r e ,  
t h a t  w i t h i n  th e  s p a t i a l  and te m p o ra l  l i m i t s  used  to  m easure  t h r e s h o l d s  
f o r  p a r a l l a x  s u r f a c e s ,  a  m e a n in g fu l  s e p a r a t i o n  of r e l a t i v e  movement and 
d e p th  t h r e s h o l d s  c a n n o t  be made. F i n a l l y ,  how ever, in f o r m a l  
o b s e r v a t i o n s  s u g g e s t  t h a t  a t  h i g h e r  s p a t i a l  and te m p o ra l  f r e q u e n c i e s  
d e p th  p e r c e p t s  do b re a k  down and r e l a t i v e  m otion  i s  p e r c e iv e d  w i t h i n  
t h e  s u r f a c e .  The t e m p o r a l  and s p a t i a l  l i m i t s  found i n f o r m a l l y  f o r  
p a r a l l a x ,  seem to  a g r e e  w i th  t h o s e  found f o r  th e  K i n e t i c  D epth  E f f e c t .  
F o r  exam ple , C a e l l i  (1 9 7 9 ,1 9 8 1 )  h a s  shown t h a t ,  f o r  shadows o f  r o t a t i n g  
th r e e - d i m e n s i o n a l  o b j e c t s ,  th e  d e p th  e f f e c t  was l o s t  when th e  te m p o ra l  
f r e q u e n c y  of th e  r o t a t i o n  was i n c r e a s e d  above 2Hz. Above t h i s  l i m i t ,
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tw o -d im e n s io n a l  o s c i l l a t i o n s  were p e r c e iv e d .
i i )  S e n s i t i v i t y  f o r  s t e r e o s c o p i c  s u r f a c e s
The s e n s i t i v i t y  f u n c t i o n s  m easured  f o t  c o r r u g a te d  s u r f a c e s  where 
t h e  d e p th  was s p e c i f i e d  by b i n o c u l a r  d i s p a r i t i e s ,  were v e ry  s i m i l a r  to  
t h o s e  found  f o r  p a r a l l a x  s u r f a c e s .  Both th e  ran g e  of c o r r u g a t i o n  
f r e q u e n c i e s  to  which th e  sy s tem  was s e n s i t i v e ,  and th e  r e g i o n  o f  
maximum s e n s i t i v i t y  were s i m i l a r  f o r  th e  two s o u rc e s  of d e p th  
i n f o r m a t io n .  I n  th e  c a s e  of s t e r e o s c o p i c  v i s i o n ,  th e  s e n s i t i v i t y  
f u n c t i o n  f o r  d e t e c t i n g  d e p th  i n  c o r r u g a t e d  s u r f a c e s  depends on b e in g  
a b l e  to  d e t e c t  sm a l l  d i f f e r e n c e s  i n  d i s p a r i t y  be tw een  d i f f e r e n t  a r e a s  
o f  th e  random d o t  p a t t e r n .  T hat i s ,  t h e  t a s k  i n v o lv e s  p i c k in g  up 
r e l a t i v e  d i s p a r i t y  be tw een  p o i n t s  s e p a r a te d  i n  s p a c e .  F o r  some
o b s e r v e r s ,  i n  th e  r e g i o n  of peak  s e n s i t i v i t y ,  a  d i f f e r e n c e  i n  d i s p a r i t y  
o f  o n ly  20 s e c .  a r c  co u ld  j u s t  be d e t e c t e d  betw een two a r e a s  which 
w ere  two to  f o u r  d e g re e s  a p a r t .  A g a in ,  t h e  a b s o lu t e  s e n s i t i v i t y  v a r i e d  
b e tw een  i n d i v i d u a l  s u b j e c t s  and t h i s  r e f l e c t s  t h e  g e n e r a l  wide
v a r i a t i o n  i n  i n d i v i d u a l  s t e r e o s c o p i c  a b i l i t y  ( R ic h a r d s ,  1970; J u l e s z ,
197 1 ) .
The h ig h  a c u i t y  f o r  d e t e c t i n g  s t e r e o s c o p i c  d e p th  m o d u la t io n ,  found 3
i n  th e  p r e s e n t  e x p e r im e n t ,  i s  c o n s i s t e n t  w i th  th e  f i n d i n g s  o f  T y le r  %
(1974 , 1975a) and Schumer and Ganz ( 1 9 7 9 ) .  When T y le r  (1975a)  m easured  
t h r e s h o l d s  f o r  d e t e c t i n g  s i n u s o i d a l  d e p th  m o d u la t io n s  i n  s i n g l e  l i n e s ,  
he  found t h a t  peak s e n s i t i v i t y  o c c u r r e d  a t  a s p a t i a l  f r e q u e n c y  o f  a b o u t  
0 . 5  c y c /d e g  and ranged  from  15 t o  50 s e c  a r c  f o r  d i f f e r e n t  s u b j e c t s .
F o r  c o r r u g a te d  d e p th  s u r f a c e s  th e  f u n c t i o n  was n o t  m easured  below
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—Ic y c /d e g  b u t ,  above t h i s  f r e q u e n c y ,  t h e r e  was a d e c re a s e  i n  s e n s i t i v i t y  
s i m i l a r  to  t h a t  found h e r e  ( T y l e r ,  1974 ) .  I n  a s tu d y  by Schumer and 
Ganz (1979) t h r e s h o l d s  w ere  m easured f o r  s t e r e o s c o p i c  c o r r u g a te d  
s u r f a c e s  which w ere  p roduced  u s in g  dynamic n o is e  s te r e o g r a m s .  A fo rc e d  
c h o ic e  p r o c e d u r e  was used  and peak  s e n s i t i v i t y  o f  a b o u t  12 s e c .  a r c  
was found to  o c c u r  be tw een  0 .5  and 0 .8  c y c /d e g .  The s l i g h t l y  low er 
t h r e s h o l d  v a lu e s  found i n  t h i s  s tu d y  p ro b a b ly  r e f l e c t  t h e  u se  o f  a l e s s  
c o n s e r v a t i v e  p s y c h o p h y s i c a l  p r o c e d u r e .  I n  o th e r  r e s p e c t s ,  t h e  r e s u l t s  
o f  th e  s tu d y  a r e  i n  c l o s e  ag reem en t  w i th  th e  p r e s e n t  d a t a .  Taken as  a 
w hole  th e  d a t a  i n d i c a t e  t h a t  t h e  v i s u a l  system  i s  h i g h ly  s e n s i t i v e  to  
s m a l l  d i f f e r e n c e s  i n  d i s p a r i t y  o v e r  s p a c e .
i i i )  S i m i l a r i t i e s  be tw een  m o tio n  p a r a l l a x  and s t e r e o p s i s
As m en tio n ed  ab o v e ,  t h e  s e n s i t i v i t y  f u n c t io n s  f o r  d e t e c t i n g  d e p th  
from bo th  m o tio n  p a r a l l a x  and s t e r e o p s i s  a r e  rem ark ab ly  s i m i l a r .  S in c e  
t h e r e  i s ,  i n  g e n e r a l ,  a c l o s e  fo rm a l  s i m i l a r i t y  i n  t h e  t a s k  f a c i n g  th e  
v i s u a l  sy s tem  i n  e x t r a c t i n g  d e p th  from th e  two s o u r c e s ,  i t  i s  p o s s i b l e  
t h a t  th e  s i m i l a r i t y  o f  t h e  e m p i r i c a l  s e n s i t i v i t y  f u n c t i o n s  r e f l e c t s  
t h i s  u n d e r ly in g  f u n c t i o n a l  s i m i l a r i t y .
■ iy
I n  s t e r e o s c o p i c  v i s i o n ,  t h e  v i s u a l  system  has  to  compute th e  
d i f f e r e n c e  i n  p o s i t i o n ,  o r  d i s p a r i t y ,  betw een c o r r e s p o n d in g  e le m e n ts  i n  
t h e  s im u l ta n e o u s  v iew s to  t h e  two e y e s ,  w h i l e ,  f o r  m o tio n  p a r a l l a x ,  t h e  
t a s k  i s  to  compute t h e  change i n  p o s i t i o n  over  t im e  i n  t h e  s u c c e s s i v e  
view s to  one e y e .  The c l o s e  r e l a t i o n s h i p  between th e  two d e p th  s o u rc e s  
i s  i n d i c a t e d  by t h e  f a c t  t h a t ,  i n  a  s t e r e o s c o p i c  s c e n e ,  t h e  v iew s to  
t h e  two ey e s  a t  any one t im e  c o rre sp o n d  to  t h e  i n i t i a l  and f i n a l  
m onocular  v iew s a s  t h e  o b s e r v e r  moves th ro u g h  th e  d i s t a n c e  s e p a r a t i n g
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th e  two e y e s .  The p r e s e n t  t a s k  r e q u i r e d  th e  o b s e r v e r  to  d e t e c t  w h e th e r  
a s u r f a c e  was c o r r u g a te d  i n  d e p th  o r  was p h y s i c a l l y  f l a t .  Fo r  t h e
p a r a l l a x  s y s te m , t h e  t a s k  was to  d e t e c t  th e  change i n  r e l a t i v e  p o s i t i o n  ^
o f  d i f f e r e n t  p o i n t s  o f  t h e  s u r f a c e  ove r  t im e ,  w h i le  f o r  t h e  t
':’és t e r e o s c o p i c  sy s te m , th e  t a s k  was to  d e t e c t  th e  change i n  t h e  r e l a t i v e  -g
p o s i t i o n  o f  d i f f e r e n t  p o i n t s  i n  two s t a t i c  v ie w s .  T h is  fo rm a l
s i m i l a r i t y  i n  t a s k  r e q u i r e m e n ts ,  may be r e f l e c t e d  i n  g e n e r a l  p r i n c i p l e s  U
o f  p r o c e s s in g  w hich g iv e  r i s e  to  s i m i l a r  sys tem  p r o p e r t i e s  f o r  b o th  |
m o tion  p a r a l l a x  and s t e r e o p s i s .  f;
1
A lth o u g h  t h e  p r e s e n t  d a t a  show t h a t  th e  a b s o l u t e  s e n s i t i v i t y  o f  é
t h e  m otion  p a r a l l a x  and s t e r e o s c o p i c  sys tem s a r e  ro u g h ly  c o m p a ra b le ,  i t  1i
“1can  be s e e n  t h a t  t h r e s h o l d s  f o r  s t e r e o  a r e  somewhat low er  th a n  th o s e  is
f o r  p a r a l l a x .  From o t h e r  o b s e r v a t i o n s  i t  seems t h a t  th e  d a ta  f o r  MEG, S;
who shows t h e  same a b s o l u t ^  s e n s i t i v i t y  f o r  p a r a l l a x  and s t e r e o ,
r e f l e c t  a g e n e r a l ,  low er th a n  a v e ra g e  s e n s i t i v i t y  to  s t e r e o s c o p i c  
i n f o r m a t i o n .  The more dommon p a t t e r n  i s  one w here s t e r e o  t h r e s h o l d s
'1a r e  ro u g h ly  a f a c t o r  o f  two l e s s  th an  p a r a l l a x .  A l th o u g h  t h i s
d i f f e r e n c e  may be due to  a  t r u e  d i f f e r e n c e  i n  t h e  a b i l i t y  to  d e t e c t  
c hanges  in  r e l a t i v e  p o s i t i o n  o v e r  sp a ce  r a t h e r  th a n  t im e ,  i t  i s  a l s o  
p o s s i b l e  t h a t  i t  i s  due t o  t h e  p ro c e d u re  used  f o r  m e a su r in g  p a r a l l a x  '
t h r e s h o l d s .  S in c e  t h e  o b s e rv e r  had t o  move from s i d e  to  s id e  w h i l e  4
making p a r a l l a x  d e p th  judgem en ts  t h e  t a s k  was more c o m p l ic a te d  and t h i s  
may have r e s u l t e d  i n  a s l i g h t  e l e v a t i o n  of t h r e s h o l d  f o r  p a r a l l a x  
s u r f a c e s .
w
i v )  Range o f  s e n s i t i v i t y  to  d e p th  m o d u la t io n
F o r  b o th  m o tio n  p a r a l l a x  and s t e r e o s c o p i c  d e p th  t h e r e  was an
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o p t im a l  ran g e  of c o r r u g a t i o n  s p a t i a l  f r e q u e n c ie s  o v e r  which d e p th  
m o d u la t io n  cou ld  e a s i l y  be p e r c e i v e d .  S e n s i t i v i t y  d e c re a s e d  by a 
f a c t o r  o f  two w i t h i n  a two o c ta v e  range  from th e  r e g io n  o f  maximum 
s e n s i t i v i t y  ( 0 .2  t o  0 .4  c y c / d e g ) .  T h is  i n d i c a t e s  t h a t  a l th o u g h  th e  
v i s u a l  sy s tem  can be s e n s i t i v e  to  v e ry  sm a l l  r e l a t i v e  movements o r  
d i s p a r i t i e s ,  t h i s  a b i l i t y  depends  c r u c i a l l y  on th e  s p a t i a l  a r ra n g e m e n t  
o f  th e  d i f f e r e n t i a l  m o tio n s  o r  d i s p a r i t i e s .  E x p re sse d  a n o th e r  way, 
t h e r e  i s  an  o p t im a l  s p a t i a l  a r e a  o v e r  which sm a l l  ch an g es  in  d e p th  can 
be p ick e d  up and , from th e  p r e s e n t  d a t a ,  i t  would seem t h a t  th e  s i z e  o f  
t h i s  o p t im a l  a r e a  must be f a i r l y  l a r g e ,  o f  th e  o r d e r  o f  2 t o  5 d e g r e e s  
o f  v i s u a l  a n g le .
I t  i s  i n t e r e s t i n g  to  compare t h e  range  o f  s e n s i t i v i t i e s  found f o r  
d e t e c t i n g  d e p th  g r a t i n g s ,  t h a t  i s ,  s i n u s o i d a l  m o d u la t io n s  i n  d e p th ,  
w i th  t h a t  f o r  d e t e c t i n g  lu m in an c e  g r a t i n g s ,  t h a t  i s ,  s i n u s o i d a l  
m o d u la t io n s  i n  lu m in a n c e .  F o r  lum inance  g r a t i n g s  peak  s e n s i t i v i t y
o c c u rs  a t  around 2 t o  5 c y c /d e g ,  a  v a lu e  t e n  t im es  h i g h e r  th a n  t h e  peak 
s e n s i t i v i t y  f o r  d e p th  g r a t i n g s .  T h is  d i f f e r e n c e  s u g g e s t s  t h a t  th e  
v i s u a l  sy s tem  i s ,  i n  some s e n s e ,  tuned  to  re sp o n d  b e s t  to  lu m in an ce  
p r o f i l e s  chang ing  r a p i d l y  o v e r  s p a c e ,  w hereas i t  r e s p o n d s  b e s t  to  
r e l a t i v e l y  g r a d u a l  changes  i n  d e p th .
However, b e f o r e  a c c e p t i n g  t h i s  argum ent f o r  a  l i m i t e d  s p a t i a l  
r a n g e  f o r  th e  p r o c e s s in g  o f  d i f f e r e n t i a l  movement and d i s p a r i t y  i t  i s  
im n p o r ta n t  to  c o n s id e r  o t h e r  p o s s i b l e  r e a s o n s  f o r  th e  d e c r e a s e  i n  
s e n s i t i v i t y  a t  h ig h  and low d e p th  s p a t i a l  f r e q u e n c i e s .  I t  m ig h t  be 
a rgued  t h a t  th e  f a l l  o f f  i n  s e n s i t i v i t y  a t  h ig h  s p a t i a l  f r e q u e n c i e s  i s  
due to  a  r e s o l u t i o n  l i m i t ,  t h a t  i s ,  t h a t  th e  d e n s i t y  o f  th e  d o t  p a t t e r n  
i s  too  c o a r s e  to  c a r r y  th e  d e p th  in f o r m a t io n  e f f e c t i v e l y .  At t h e  %
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h i g h e s t  s p a t i a l  f r e q u e n c y  i n v e s t i g a t e d  i n  th e  p r e s e n t  e x p e r im e n t ,  t h e r e  
w ere  o n ly  e i g h t  rows o f  d o t s  s p e c i f y in g  each  co m p le te  c y c le  of th e  
s i n u s o i d a l  c o r r u g a t i o n  b u t  t h i s  seemed to  be s u f f i c i e n t  to  c a r r y  th e  
r e l a t i v e  d e p th  i n f o r m a t i o n .  An e a r l i e r  e x p e r im e n t ,  w hich m easured 
d e p th  t h r e s h o l d s  a t  h i g h e r  s p a t i a l  f r e q u e n c i e s ,  had used  a d o t  d e n s i t y  
w hich  was doub le  t h a t  u sed  h e r e .  When t h r e s h o l d  d a t a  from  t h i s  e a r l i e r  
e x p e r im e n t  a r e  p l o t t e d  t o g e t h e r  w i th  d a ta  from th e  p r e s e n t  e x p e r im e n t  
( F ig u r e  4 . 7 ) ,  i t  can  be s e e n  t h a t  th e  m a n ip u la t io n  o f  do t  d e n s i t y  had
l i t t l e  e f f e c t  on th e  t h r e s h o l d  v a l u e s .  I t  i s ,  o f  c o u r s e ,  t r u e  t h a t
lo w e r in g  th e  do t  d e n s i t y  below  some l i m i t  w i l l  e v e n t u a l l y  a f f e c t  
t h r e s h o l d s ,  i n i t i a l l y  a t  h i g h e r  s p a t i a l ,  f r e q u e n c i e s .  T his  e f f e c t  has  
been  i n v e s t i g a t e d  i n  an e x p e r im e n t  to  be r e p o r t e d  l a t e r  i n  t h i s  
c h a p t e r ,  and th e  d o t  d e n s i t y  used  i n  t h e  p r e s e n t  e x p e r im e n t  was w e l l  
above th e  l i m i t s  found t h e r e .  In  a d d i t i o n ,  th e  d a ta  found by Nakayama 
and T y le r  ( 1 9 8 1 a ) ,  i n  t h e  s tu d y  d i s c u s s e d  e a r l i e r ,  s u g g e s t s  t h a t
d e t e c t i o n  o f  d i f f e r e n t i a l  m o tion  i s  p o s s i b l e  a t  h i g h e r  s p a t i a l
f r e q u e n c i e s  , th a n  th o s e  t h a t  a l lo w  th e  d e t e c t i o n  o f  d e p th .  S in c e  
p a r a l l a x  d e p th  depends on d e t e c t i o n  o f  t h i s  movement i t  seems t h a t  t h e  
h ig h  f r e q u e n c y  f a l l  o f f  i s ,  a t  l e a s t  f o r  p a r a l l a x ,  a t t r i b u t a b l e  t o  a 
l i m i t  on d e p th  p r o c e s s in g  r a t h e r  th a n  on an i n a b i l i t y  to  p i c k  up 
r e l a t i v e  m o tio n .
W ith r e s p e c t  to  v e ry  low s p a t i a l  f r e q u e n c i e s ,  i t  i s  p o s s i b l e  t h a t  
th e  f a l l  o f f  i n  s e n s i t i v i t y  m igh t  be ,  a t  l e a s t  p a r t l y ,  due to  th e  
r e d u c e d  number o f  c y c le s  v i s i b l e  on th e  s c r e e n  f o r  t h e s e  s t i m u l i .
T y le r  (1975a)  h a s  shown t h a t ,  f o r  l i n e  s t i m u l i ,  t h r e s h o l d s  do d e c r e a s e  f|
i f  o n ly  one c y c le  o f  d e p th  m o d u la t io n  i s  v i s i b l e .  However, h i s  d a t a  
show t h a t  t h i s  e f f e c t  o c c u rs  m ain ly  a t  h ig h  s p a t i a l  f r e q u e n c i e s  and so 
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S e n s i t i v i t y  f u n c t i o n s  f o r  d e t e c t i n g  p a r a l l a x  d e p th  c o r r u g a t i o n s  w i th  
random d o t  s u r f a c e  o f  two d i f f e r e n t  d o t  d e n s i t i e s .  The f i l l e d  l i n e s  show 
d a t a  from  t h e  p r e v i o u s  f i g u r e s ,  f o r  o b s e r v e r s  BJR (□) and MEG ( o ) ,  w h i l e  
th e  d o t t e d  l i n e s  show d a t a  m easured  f o r  random d o t  s u r fa c e *  o f  d o u b le  t h e
d o t  d e n s i t y  f o r  t h e  same o b s e r v e r s ,  BJR (■) and MEG ( • ) .
■I
f r e q u e n c y  c o r r u g a t i o n s  used  h e r e .
H
,  An i n t e r e s t i n g  p o s s i b i l t y  i s  t h a t ,  a t  th e  low f re q u e n c y  .end o f  th e  %
s e n s i t i v i t y  f u n c t i o n ,  d e t e c t i o n  i s  based  on th e  d e p th  g r a d i e n t s  p r e s e n t  
i n  t h e  p a t t e r n .  T hat  i s ,  d e p th  can be d e te c te d  when th e  s lo p e  o f  th e  
d e p th  s u r f a c e  r e a c h e s  a  c r i t i c a l  v a l u e ,  r e g a r d l e s s  of th e  a r e a  o v e r  s
w hich  t h i s  s lo p e  o c c u r s .  T h is  i d e a  has  been used  to  e x p l a i n  th e  
p e r c e p t i o n  o f  lum inance  g r a t i n g s  a t  low s p a t i a l  f r e q u e n c ie s  (v an  d e r  3
W ild t  e t  a l . ,  1976; Cam pbell e t  a l . ,  198 1 ) .  To d e te rm in e  w h e th e r  t h i s  %
ty p e  of d e s c r i p t i o n  i s  a p p r o p r i a t e  f o r  d e p th  g r a t i n g s  th e  t h r e s h o l d  
d a t a  can be p l o t t e d  i n  te rm s  o f  t h e  s u r f a c e  s lo p e  a t  t h r e s h o l d .  The 
d a t a  have been  p l o t t e d  i n  t h i s  way i n  F ig u re  4 .8 ,  where th e  s lo p e  o f  
t h e  s i n u s o i d a l  d e p th  g r a t i n g  h a s  been  ap p ro x im ated  as th e  s lo p e  o f  a 
t r i a n g u l a r  c o r r u g a t i o n  of t h e  same a m p l i tu d e .  A lthough  c l e a r l y ,  a t  
f r e q u e n c i e s  of 0 .2  c y c /d e g  and a b o v e ,  d e t e c t i o n  i s  n o t  b e in g  made on 
t h e  b a s i s  of t h e  s lo p e  r e a c h i n g  a  c r u c i a l  v a lu e ,  t h e  d a t a  f o r  th e  two 
lo w e s t  s p a t i a l  f r e q u e n c i e s  show t h a t  th e  s lo p e  a t  t h r e s h o l d  i s  s i m i l a r  
f o r  a l l  t h r e e  s u b j e c t s .  The d a t a  i s  n o t  s u f f i c i e n t  to  a l lo w  f i r m  
c o n c lu s io n s  b u t  i s  a t  l e a s t  s u g g e s t i v e .  F u r th e r  d a ta  r e l e v a n t  to  th e  
d e t e c t i o n  of d e p th  g r a d i e n t s  w i l l  be c o n s id e r e d  l a t e r  i n  th e  c h a p t e r .  f|Ï
I n  summary, i t  seems p r o b a b le  t h a t  th e  l i m i t e d  r a n g e  of aj
s e n s i t i v i t y  f o r  d e p th  m o d u la t io n  r e f l e c t s  a  r e a l  l i m i t  i n  th e  
p r o c e s s in g  of d e p th  change f o r  b o th  m otion  p a r a l l a x  and s t e r e o p s i s .  A 
h y p o t h e s i s  a r i s i n g  from t h i s  f i n d i n g  i s  t h a t  th e  range  of s p a t i a l  
e x t e n t s  found f o r  m echanism s u n d e r l y i n g  d e p th  p r o c e s s i n g ,  w i l l  be 
l i m i t e d .  From th e  p r e s e n t  d a t a  t h e  p r o b a b le  s p a t i a l  e x t e n t  would be H
f a i r l y  l a r g e ,  e x te n d in g  o v e r  s e v e r a l  d e g re e s  of v i s u a l  a n g l e .  From an 
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The d a t a  from  F i g u r e s  4 .4  and 4 .5  r e p l o t t e d  t o  show th e  t h r e s h o l d  
d e p th  s lo p e  f o r  d e t e c t i n g  d e p th  c o r r u g a t i o n s  o f  d i f f e r e n t  s p a t i a l  
f r e q u e n c i e s .  D a ta  a r e  shown f o r  t h r e e  o b s e r v e r s ,  BJR ( ■ ) ,  MEG ( • )  
and JGQ ( ♦ ) ,  when th e  d e p th  s u r f a c e s  w ere  s p e c i f i e d  by  m o t io n  p a r a l l a x  
(u p p e r )  and by s t e r e o s c o p i c  i n f o r m a t io n  ( l o w e r ) .
‘-■11 'f'-
f u n c t i o n  f o r  d e p th  change s h o u ld  be s h i f t e d  tow ards  low er f r e q u e n c i e s  
th a n  t h a t  f o r  lu m in an c e  c h a n g e .  The n a t u r a l  env ironm en t c o n ta i n s  
o b j e c t s  and s u r f a c e s  w hich change f a i r l y  g r a d u a l l y  i n  d e p th  and does 
n o t  c o n ta i n  r e p e t i t i v e  p a t t e r n s  o f  h ig h  f re q u e n c y  d e p th  change l i k e  -ÿ
th o s e  commonly found f o r  lu m in an ce  (h ig h  d e n s i t y  t e x t u r e s ,  f o r  
ex am p le ) .  An a b i l i t y  to  p i c k  up low f re q u e n c y  d e p th  change would seem 
t o  be an a d v a n ta g e  f o r  o b j e c t  r e c o g n i t i o n  and lo co m o tio n  w h i le  an 
i n s e n s i t i v i t y  to  h ig h  f r e q u e n c y  change would n o t  seem to  h av e  any
obv ious  d e t r i m e n t a l  e f f e c t  on th e  a b i l i t y  o f  an o rg an ism  t o  a c t
e f f e c t i v e l y  i n  i t s  e n v i ro n m e n t .
4 .5  F u r t h e r  s t u d i e s  o f  m o tio n  p a r a l l a x  s e n s i t i v i t y .
The second h a l f  o f  t h i s  c h a p t e r  d e s c r i b e s  some f u r t h e r  s t u d i e s  
which have m easured  t h r e s h o l d s  f o r  p e r c e i v i n g  c o r r u g a te d  d e p th  s u r f a c e s  
under  v a r i o u s  c o n d i t i o n s .  Most of th e s e  e x p e r im e n ts  r e p r e s e n t  
p r e l i m i n a r y  s t u d i e s  w hich  need  to  be r e p l i c a t e d  i n  more d e t a i l  b e f o r e  
f i r m  c o n c lu s io n s  can  be draw n. They a r e  in c lu d e d  h e r e ,  how ever ,  t o  
I n d i c a t e  t h a t  t h e  b a s i c  c h a r a c t e r i s t i c s  o f  t h e  d e p th  s e n s i t i v i t y  
f u n c t i o n s  a r e  c o n s i s t e n t l y  o b s e rv e d  i n  d i f f e r e n t  e x p e r im e n ta l  d e s ig n s  
and p r o c e d u r e s .  The d a t a ,  a l t h o u g h  n o t  c o n c lu s i v e ,  a l s o  h i g h l i g h t  some 
i n t e r e s t i n g  a r e a s  f o r  f u r t h e r  t h e o r e t i c a l  d i s c u s s i o n  and e m p i r i c a l  
i n v e s t i g a t i o n .
i )  D epth  t h r e s h o l d s  u s in g  f o r c e d - c h o i c e  p r o c e d u re s
In  t h e  e x p e r im e n t s  d e s c r i b e d  so f a r ,  t h e  d e p th  t h r e s h o l d s  were 
m easured  u s in g  an a s c e n d in g  method o f  l i m i t s .  As th e  d e p th  a m p l i tu d e  
o f  t h e  c o r r u g a t e d  s u r f a c e  w a s . g r a d u a l l y  i n c r e a s e d ,  th e  p o i n t  a t  w hich
84 ::
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o b s e r v e r s  cou ld  c o r r e c t l y  I d e n t i f y  th e  shape o f  t h e  d e p th  s u r f a c e ,  was 
t a k e n  a s  t h e  t h r e s h o l d .  O b s e rv e r s  had to  i d e n t i f y  b o th  t h e  number of
c y c le s  and th e  phase  o f  t h e  c o r r u g a te d  s u r f a c e ,  and t h i s  t h e r e f o r e
r e p r e s e n t s  a  f a i r l y  c o n s e r v a t i v e  p ro c e d u re  f o r  d e te rm in in g  d e p th  
t h r e s h o l d s .  As s u g g e s te d  above , th e  u se  o f  a  f o r c e d - c h o i c e  
p s y c h o p h y s ic a l  p ro c e d u re  to  m easure  t h r e s h o ld s  f o r  s t e r e o s c o p i c  
c o r r u g a t i o n s  was one p o s s i b l e  r e a s o n  f o r  t h e  s l i g h t l y  low er t h r e s h o l d s  
found i n  th e  s tu d y  by Schumer and Ganz (1 9 7 9 ) .  I n  g e n e r a l ,  f o r c e d -
c h o ic e  p r o c e d u r e s  a r e  p r e f e r a b l e  i n  p s y c h o p h y s ic a l  r e s e a r c h  as  th e y
p r o v id e  a  m easure  of t h r e s h o l d  which i s  n o t  a f f e c t e d  by changes i n  
o b s e r v e r  c r i t e r i a ,  bu t  t h e y  a r e  r a t h e r  too  t im e  consuming f o r  
w id e s p re a d  u se  i n  o u t l i n i n g  b a s i c  sys tem  p a ra m e te r s  o v e r  a  wide v a r i e t y  
o f  c o n d i t i o n s .  I t  was d e c id e d ,  however, to  c o n f i rm  th e  p a t t e r n  o f  
t h r e s h o l d s  o b ta in e d  w i th  th e  p r e v io u s  m ethod, by m easu r ing  th e  
s e n s i t i v i t y  f u n c t i o n s  f o r  b o th  m o tion  p a r a l l a x  and s t e r e o s c o p i c  d e p th  
u s in g  a f o r c e d - c h o i c e  f r e q u e n c y  m ethod.
The m otion  p a r a l l a x  and s t e r e o s c o p i c  d i s p l a y s  d e s c r ib e d  e a r l i e r  
w ere  used  to  p r e s e n t  s i n u s o i d a l l y  c o r r u g a te d  d e p th  s u r f a c e s  s p e c i f i e d  
by r e l a t i v e  m otion  o r  b i n o c u l a r  d i s p a r i t i e s ,  r e s p e c t i v e l y .  An |
i d e n t i c a l  fo rc e d  c h o ic e  f r e q u e n c y  method was used  to  d e te rm in e  d e p th  4
I
t h r e s h o l d s  f o r  b o th  p a r a l l a x  and s t e r e o  s u r f a c e s .  I n i t i a l  t h r e s h o l d  4
v a l u e s ,  f o r  c o r r u g a te d  s u r f a c e s  a t  each  o f  s i x  d e p th  s p a t i a l  #
f r e q u e n c i e s ,  were d e te rm in e d  u s in g  th e  a s c e n d in g  method of l i m i t s  |
a l r e a d y  d e s c r i b e d .  F o r  each  f re q u e n c y  s i x  v a lu e s  o f  peak to  t ro u g h  4
d e p th  a m p l i tu d e  were th e n  ch o sen  to  span th e  i n i t i a l  t h r e s h o l d  v a l u e .  4
T h r e s h o ld s  were m easured  i n  s e p a r a t e  s e s s i o n s  f o r  each s p a t i a l
f r e q u e n c y  and each  s e s s i o n  c o n s i s t e d  o f  a  s e r i e s  o f  t w o - i n t e r v a l  -i
1t r i a l s .  On each t r i a l  a  d e p th  g r a t i n g  a t  one o f  th e  s i x  a m p l i tu d e
1
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Iv a lu e s  was p r e s e n t e d  random ly  I n  one of th e  two e q u a l  i n t e r v a l s  and i?
d u r in g  t h e  o t h e r  i n t e r v a l  a  f l a t  random do t s u r f a c e  was p r e s e n t e d .  The 
o b s e r v e r ' s  t a s k  was t o  i d e n t i f y  th e  i n t e r v a l  i n  w hich th e  g r a t i n g  ■$.
a p p e a r e d .  To a v o id  t h e  p o s s i b i l t y  of d e t e c t i n g  th e  c o r r e c t  i n t e r v a l  on 
t h e  b a s i s  o f  t h e  change i n  d e p th  a t  th e  i n t e r v a l  b o u n d a ry ,  th e  o n s e t  
and o f f s e t  o f  t h e  g r a t i n g  were g r a d u a l .  The a m p l i tu d e  o f  t h e  d e p th  
g r a t i n g  i n c r e a s e d  s lo w ly  from  z e ro  to  th e  a p p r o p r i a t e  a m p l i tu d e  f o r  
t h a t  t r i a l ,  o v e r  a p e r i o d  o f  two s e c o n d s ,  and a l s o  d e c re a s e d  g r a d u a l l y  
t o  z e ro  o v e r  t h e  f i n a l  two se co n d s  o f  th e  i n t e r v a l .  Both  i n t e r v a l s  
w ere  s i x  se co n d s  lo n g  and a b e l l  sounded a t  th e  b e g in n in g  and th e  end 
o f  each i n t e r v a l .  At t h e  end o f  th e  t r i a l  th e  o b s e r v e r  p r e s s e d  a key 
t o  s i g n a l  w hich of t h e  two i n t e r v a l s  had c o n ta in e d  th e  d e p th  g r a t i n g  
and th e  n e x t  t r i a l  f o l lo w e d  i n  a  c o u p le  of s e c o n d s .  Each s e s s i o n  
c o n s i s t e d  o f  a  random seq u en ce  of t r i a l s  c o m p r is in g  tw en ty  
p r e s e n t a t i o n s  o f  th e  d e p th  g r a t i n g  a t  each  o f  t h e  s i x  a m p l i tu d e  v a l u e s .
F o r  each  s p a t i a l  f r e q u e n c y ,  th e  p e r c e n ta g e  c o r r e c t  a t  each  
a m p l i t u d e  was c a l c u l a t e d  and th e  75% c o r r e c t  v a lu e  was r e a d  from th e  
r e s u l t i n g  p s y c h o p h y s i c a l  f u n c t i o n .  T h is  v a lu e  was t a k e n  as th e  
t h r e s h o l d  f o r  t h a t  f r e q u e n c y .  The d a ta  a r e  p l o t t e d  i n  F ig u r e  4 .9  f o r  %
c o r r u g a t e d  d e p th  s u r f a c e s  s p e c i f i e d  by b o th  p a r a l l a x  and s t e r e o s c o p i c  
i n f o r m a t i o n .  I t  can  be se en  t h a t ,  as  f o r  th e  t h r e s h o l d s  d e s c r i b e d  
p r e v i o u s l y ,  t h e  peak s e n s i t i v i t y  o c c u r r e d  a t  a round  0 .2  t o  0 .4  c y c /d e g  
and s e n s i t i v i t y  d e c re a s e d  f o r  f r e q u e n c ie s  above and below  t h e s e  v a l u e s .  
A l th o u g h  th e  shape  o f  t h e  f u n c t i o n  was b a s i c a l l y  t h e  same i t  a p p e a re d  
t o  be somewhat f l a t t e r  in  t h i s  e x p e r im e n t .  . I n  a b s o l u t e  t e r m s ,  
t h r e s h o l d s  f o r  p a r a l l a x  and s t e r e o s c o p i c  d e p th  were ro u g h ly  t h e  same 
f o r  t h i s  o b s e r v e r ,  a g a in  r e f l e c t i n g  th e  d a ta  found i n  th e  p r e v io u s  
















F ig u r e  4 . 9 ,
T h re s h o ld s  f o r  d e t e c t i n g  c o r r u g a t e d  d e p th  s u r f a c e s  s p e c i f i e d  by 
m o tio n  p a r a l l a x  (o) and s t e r e o s c o p i c  ( • )  i n f o r m a t io n .  D ata  were 
m easured  u s in g  a f o r c e d - c h o i c e  p s y c h o p h y s ic a l  p ro c e d u r e  f o r  
o b s e r v e r  Î1EG. D a ta ^ p o in t s  show t h e  75% c o r r e c t  l e v e l  f o r  each  
s p a t i a l  f r e q u e n c y .
e q u i v a l e n t  d i s p a r i t y ,  and t h i s  i s  a b o u t  20% low er  th a n  t h a t  found w i th  
t h e  p r e v io u s  p r o c e d u r e .
I n  c o n c l u s i o n ,  t h e  t h r e s h o l d  d a t a  m easured h e r e ,  u s in g  a  f o r c e d  
c h o ic e  p s y c h o p h y s i c a l  p r o c e d u r e ,  gave e s s e n t i a l l y  th e  same s e n s i t i v i t y  
f u n c t i o n  a s  t h a t  o b t a in e d  u s in g  an a s c e n d in g  method of  l i m i t s .  The 
a b s o l u t e  s e n s i t i v i t y  w as, however s l i g h t l y  low er  o v e r a l l  and t h i s  
r e f l e c t s  t h e  l e s s  c o n s e r v a t i v e  n a t u r e  o f  th e  fo rc e d  c h o ic e  t a s k  which 
m e re ly  r e q u i r e s  d e t e c t i o n  o f  th e  p r e s e n c e  o f  th e  d e p th  g r a t i n g  and n o t  
i d e n t i f i c a t i o n  o f  i t s  sh a p e .
i i )  T h r e s h o ld s  f o r  random d o t  s u r f a c e s  c o n ta i n in g  few er  d o t s .
The t h r e s h o l d  m easurem ents  d e s c r ib e d  so f a r  have u sed  a h ig h  
d e n s i t y  random d o t  p a t t e r n  to  c a r r y  th e  d ep th  in f o r m a t io n  from r e l a t i v e  
m o tio n  o r  d i s p a r i t y .  The p a t t e r n  c o n s i s t e d  o f  an a r r a y  o f  256 by 256 
d o t s  and each  d o t  was s e t  to  be e i t h e r  b r i g h t  o r  d a rk  w i t h  a  50% 
p r o b a b i l i t y .  H ence , th e  p a t t e r n  c o n s i s t e d '  o f  over  3 2 ,0 0 0  d o t s  
s c a t t e r e d  random ly  o v e r  t h e  s c r e e n .  By d e c r e a s in g  th e  p r o b a b i l i t y  w i th  
w hich  th e  d o t s  i n  th e  a r r a y  a r e  made b r i g h t ,  random d o t  p a t t e r n s  
c o n t a i n i n g  few er  b r i g h t  d o ts  cou ld  e a s i l y  be p ro d u ce d .
F o r  b o th  p a r a l l a x  and s t e r e o  d e p th  s u r f a c e s  o b s e r v e r s  r e p o r t e d  
t h a t  t h e  phenom enal im p r e s s io n  o f  a  s o l i d ,  c o r r u g a te d  d e p th  s u r f a c e  
rem a in e d  even  when th e  number o f  d o t s  s p e c i f y i n g  th e  s u r f a c e  was o n ly  a 
few  h u n d re d .  However, t h e r e  i s  c l e a r l y  a  low er  l i m i t  on th e  number o f  
d o t s  needed  to  s p e c i f y  a c o r r u g a te d  d e p th  s u r f a c e .  In  p a r t i c u l a r ,  t h e  
a b i l i t y  to  p e r c e i v e  h ig h  s p a t i a l  f r e q u e n c y  c o r r u g a t i o n s  s h o u ld  b re a k  
down b e f o r e  t h e  a b i l i t y  to  p e r c e iv e  c o r r u g a t i o n s  o f  low er  f r e q u e n c i e s ,
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s in c e  more d o t s  a r e  r e q u i r e d  to  s p e c i f y  r a p id  changes  i n  d e p th .  As a 
p r e l i m i n a r y  i n v e s t i g a t i o n  o f  th e  e f f e c t  o f  r e d u c in g  th e  number o f  d o t s ,
t h r e s h o l d s  were m easu red  f o r  d e t e c t i n g  d e p th  i n  c o r r u g a te d  s u r f a c e s
s p e c i f i e d  by p a r a l l a x  i n f o r m a t i o n .  T h re sh o ld s  f o r  one o b s e r v e r ,  were 
m easured f o r  t h r e e  s p a t i a l  f r e q u e n c ie s  u s in g  se v en  random d o t  p a t t e r n s  
which c o n ta in e d  d i f f e r e n t  numbers o f  d o t s .
P a r a l l a x  i n f o r m a t i o n  s p e c i f y i n g  s i n u s o i d a l l y  c o r r u g a t e d  d e p th  
s u r f a c e s  o f  0 . 1 ,  0 .2  o r  0 .4  c y c /d e g  was p ro v id e d  i n  t h e  u s u a l  way.
P a t t e r n s  of r e l a t i v e  m o t io n ,  l in k e d  to  movement o f  th e  o b s e r v e r ,  were
in t r o d u c e d  i n t o  a  random d o t  p a t t e r n  p r e s e n t e d  on an  o s c i l l o s c o p e
s c r e e n .  The p a t t e r n  w hich  c a r r i e d  th e  r e l a t i v e  m o tion  c o n ta in e d  a 
number o f  b r i g h t  d o t s  w hich ranged  from o v e r  3 2 ,0 0 0  t o  unde r  200 . For 
each  p a t t e r n  t h e  d o t s  were s c a t t e r e d  random ly o v e r  th e  e n t i r e  
o s c i l l o s c o p e  s c r e e n ,  w h ich  s u b te n d e d  20 by 25 d e g re e s  o f  v i s u a l  a n g l e .  
I n  each s e s s i o n ,  one o f  t h e  seven  d o t  p a t t e r n s  was chosen  a t  random and 
t h r e s h o ld s  f o r  d e t e c t i n g  th e  c o r r u g a te d  s u r f a c e s  were m easured  u s in g  
t h e  a sc e n d in g  method o f  l i m i t s  d e s c r ib e d  p r e v i o u s l y .  Ten t h r e s h o l d s  
were measured a t  each  s p a t i a l  f r e q u e n c y  i n  a  random o r d e r .
j
a:
The o b se rv e d  t h r e s h o l d s  f o r  d e t e c t i n g  p a r a l l a x  d e p th  a r e  shown 
i n  F ig u re  4 .1 0  f o r  t h e  t h r e e  s p a t i a l  f r e q u e n c i e s .  The d a t a  a r e  p l o t t e d  
a s  a f u n c t i o n  o f  t h e  number of d o t s  i n  t h e  p a t t e r n  c a r r y i n g  th e  
r e l a t i v e  m otion  i n f o r m a t i o n .  As th e  number o f  d o t s  d e c r e a s e d ,
t h r e s h o ld s  r o s e  f a i r l y  s t e a d i l y  f o r  th e  0 .4  c y c /d e g  c o r r u g a t i o n .  à
T h re sh o ld s  f o r  t h e  0 .2  c y c /d e g  c o r r u g a t i o n  s t a r t e d  t o  r i s e  when th e  
number of d o t s  f e l l  below  a b o u t  2000, and f o r  t h e  0 .1  c y c /d e g
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F i g u r e  4 . 1 0 .
T h r e s h o l d s  f o r  d e t e c t i n g  p a r a l l a x  d e p t h  c o r r u g a t i o n s  o f  0 .1  ( # ) ,  
0 . 2  (m) and 0 . 4  (♦)  c y c l e s / d e g r e e ,  a s  a f u n c t i o n  o f  t h e  number  o f  
d o t s  s c a t t e r e d  r a n d o m l y  o v e r  t h e  s u r f a c e .  (The f i g u r e s  a l o n g  t h e  
a b s c i s s a  r e p r e s e n t  t h e  r e d u c t i o n  i n  t h e  t o t a l  number o f  d o t s  
and t h e  a c t u a l  number  o f  b r i g h t  d o t s  p r e s e n t  (shown b e l o w )  c a n  be  
c a l c u l a t e d  f rom  t h e  f o r m u l a  n o . = 2 5 6 ^ / 2 ^  ) .
Sfl
s e n s i t i v i t y  to  h ig h  s p a t i a l  f r e q u e n c y  d ep th  g r a t i n g s  f a l l i n g  o f f  more 
r a p i d l y  as  t h e  number o f  d o t s  i n  th e  p a t t e r n  d e c r e a s e d .  O b se rv e r s  
r e p o r t e d  t h a t  as  th e  number o f  d o t s  became v e ry  low f o r  th e  0 .4  c ,yc/deg 
s u r f a c e ,  th e  phenomenal im p r e s s io n  a t  t h r e s h o l d  changed  from th e  
p e r c e p t i o n  o f  a  smooth d e p th  s u r f a c e  to  th e  p e r c e p t i o n  o f  s e p a r a t e  
i s o l a t e d  d o t s  which a p p e a re d  to  l i e  a t  d i f f e r e n t  d e p th s .  I n  summary, 
a l t h o u g h  i n  t h e  l i m i t  t h r e s h o l d s  f o r  d e t e c t i n g  d e p th  g r a t i n g s  do seem 
t o  depend on th e  number of d o t s  a v a i l a b l e  to  s p e c i f y  th e  d e p th  
i n f o r m a t i o n ,  th e  l e v e l s  o f  do t  d e n s i t y  used i n  p r e v io u s  t h r e s h o l d  
e x p e r im e n ts  have  been  above t h i s  l i m i t .
i i i )  T h r e s h o ld s  a s  a  f u n c t i o n  o f  v iew ing  d i s t a n c e
\
I t  was n o t i c e d  i n f o r m a l l y  t h a t  when m o tion  p a r a l l a x  d e p th
s u r f a c e s  w ere  viewed a t  i n c r e a s i n g  d i s t a n c e s  th e  amount o f  p e r c e iv e d
d e p th  w i t h i n  t h e  s u r f a c e  i n c r e a s e d ,  even when th e  amount o f  r e l a t i v e  
movement on th e  r e t i n a  was a r r a n g e d  to  be th e  same a t  each  d i s t a n c e .  
T h is  f i n d i n g  i n d i c a t e d  t h a t  some k in d  o f  d e p th  c o n s ta n c y  mechanism was 
i n  o p e r a t i o n  where t h e  p e r c e iv e d  d e p th  depended on th e  p e r c e iv e d  
d i s t a n c e  o f  t h e  s u r f a c e  as  w e l l  a s  t h e  r e t i n a l  r e l a t i v e  m o tio n .  T h is
seems to  be s i m i l a r  to  th e  s t e r e o s c o p i c  d e p th  c o n s ta n c y  e f f e c t s
d e s c r i b e d  and rev iew ed  by Ono and Comerford (1 9 7 7 ) .  D epth  c o n s ta n c y  i s  
o f  c o u rs e  an im p o r ta n t  f e a t u r e  b u i l t  i n t o  d e p th  p r o c e s s in g  s i n c e ,  i n  
t h e  ev e ry d a y  e n v iro n m e n t ,  t h e  same amount o f  r e l a t i v e  movement, o r  
d i s p a r i t y ,  i s  p roduced  by s u r f a c e s  w i th  d i f f e r e n t  d e p th s  a t  d i f f e r e n t  
d i s t a n c e s .  The p r e s e n c e  o f  a d e p th  c o n s ta n c y  m echanism  f o r  m o tio n  
p a r a l l a x  r a i s e s  t h e  p o s s i b i l i t y  t h a t  t h r e s h o l d s  f o r  p e r c e i v i n g  p a r a l l a x  
d e p th  m igh t n o t  depend on th e  r e t i n a l  r e l a t i v e  movement r e a c h in g  a
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c r i t i c a l  v a lu e  b u t  r a t h e r ,  t h a t  th e y  m igh t  depend upon th e  d e p th  i n  t h e  
s u r f a c e  r e a c h in g  a  c r i t i c a l  v a l u e .  For exam ple, a c e r t a i n  s m a l l  amount 
o f  r e t i n a l  r e l a t i v e  movement w i l l  s p e c i f y  a sm a l l  d e p th  d i f f e r e n c e  a t  
n e a r  d i s t a n c e s  o r  a l a r g e  d e p th  d i f f e r e n c e  a t  f a r  d i s t a n c e s  a n d ,  i f  
t h r e s h o l d  depends on d e p th ,  t h i s  amount of r e l a t i v e  m otion  m igh t  be 
be low  t h r e s h o l d  a t  n e a r e r  d i s t a n c e s  bu t  above i t  a t  f a r t h e r  d i s t a n c e s .  
I n  o r d e r  to  s e p a r a t e  t h e s e  two p o s s i b i l i t i e s  i t  i s  n e c e s s a r y  t o  lo o k  a t  
t h r e s h o l d s  f o r  d e t e c t i n g  p a r a l l a x  d e p th  when th e  d e p th  s u r f a c e s  a r e  
p r e s e n t e d  a t  d i f f e r e n t  d i s t a n c e s .
T h r e s h o ld s  w e re ,  t h e r e f o r e ,  m easured f o r  d e t e c t i n g  d e p th  i n  
c o r r u g a t e d  p a r a l l a x  s u r f a c e s  w hich were p r e s e n te d  a t  t h r e e  d i f f e r e n t  
o b s e r v a t i o n  d i s t a n c e s .  P a r a l l a x  d e p th  s u r f a c e s  were p roduced  i n  th e  
u s u a l  way. The o b s e r v e r  moved from s id e  to  s id e  on th e  c h i n r e s t  and 
v iew ed  th e  t r a n s f o r m in g  p a t t e r n  on th e  scope which was p o s i t i o n e d  a t  
e i t h e r  57 , 114 o r  228 cms from th e  o b s e r v e r .  At each d i s t a n c e ,
t h r e s h o l d s  w ere  m easu red  u s in g  an a s c e n d in g  method of l i m i t s ,  f o r  
c o r r u g a t e d  s u r f a c e s  w i th  s p a t i a l  f r e q u e n c ie s  of  0 . 2 ,  0 .4  and 0 .8
c y c /d e g .  To keep  s p a t i a l  f r e q u e n c y  c o n s t a n t  t h e  number o f  c y c le s  
p r e s e n t  on th e  s c r e e n  f o r  e a ch  f re q u e n c y  was a l t e r e d  a c c o r d in g  to  th e  
o b s e r v a t i o n  d i s t a n c e .  To a v o id  t h e  c o n found ing  e f f e c t s  o f  d o t  d e n s i t y ,  
t h e  d e n s i t y  o f  t h e  random d o t  p a t t e r n  was a l s o  a d ju s t e d  so t h a t ,  a t  
e ach  d i s t a n c e ,  each  e le m en t  o f  th e  p a t t e r n  sub ten d ed  t h e  same v i s u a l  
a n g l e .  When t h i s  was done th e  random d o t  p a t t e r n  c o n s i s t e d  o f  a  256, 
128 o r  64 d o t  s q u a re  a r r a y  a t  57, 114 and 228 cms, r e s p e c t i v e l y ,  w i th  
t h e  p r o b a b i l i t y  o f  a b r i g h t  d o t  b e in g  50% i n  each  c a s e .
A few d a t a  p o i n t s  w ere  c o l l e c t e d  i n  a c o n d i t i o n  where th e  
o v e r a l l  s i z e  of  th e  p a t t e r n  on th e  s c r e e n  was a l t e r e d  a t  each  d i s t a n c e
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to  e n s u re  t h a t  i t  a lw ays  su b te n d e d  6 by 5 deg o f  v i s u a l  a n g l e .  I n  t h i s  
c a s e ,  a t  each  d i s t a n c e ,  t h e  p a t t e r n  c o n s i s t e d  o f  an a r r a y  o f  64 by 64 
d o t s  and t h e r e  was a lw ays  1 ,2  o r  4 c y c le s  o f  th e  c o r r u g a t i o n  v i s i b l e  
f o r  s p a t i a l  f r e q u e n c i e s  of  0 . 2 ,  0 .4  and 0 .8  c y c /d e g  r e s p e c t i v e l y .
The d a t a  f o r  two o b s e r v e r s  a r e  shown i n  F ig u re  4 .1 1 a ,  w here 
t h r e s h o l d  i s  p l o t t e d  a s  a f u n c t i o n  o f  s p a t i a l  f r e q u e n c y  f o r  each  o f  t h e  
t h r e e  d i s t a n c e s .  The f i l l e d  l i n e s  show d a t a  f o r  a  f u l l  s c r e e n  d i s p l a y  
a t  each d i s t a n c e  w h ereas  t h e  d o t t e d  l i n e s  show d a t a  p o i n t s  f o r  a 
d i s p l a y  of c o n s t a n t  a n g u la r  s i z e .  F o r  each  d a t a  l i n e  t h e  s e n s i t i v i t y  
f u n c t i o n  shows i t s  u s u a l  shape  w i th  t h r e s h o l d s  b e g in n in g  to  r i s e  by 0 .8  
c y c /d e g ,  a l t h o u g h  a t  t h e  f a r t h e s t  d i s t a n c e  t h e  f u n c t i o n  i s  more l e v e l .  
The t h r e s h o l d  v a lu e s  a r e  e x p re s s e d  as  t h e  amount o f  peak  to  t ro u g h  
r e l a t i v e  movement a t  t h r e s h o l d  i n  m i l l i m e t r e s  p e r  d e g re e  o f  head 
movement. T h is  means t h a t ,  i f  t h r e s h o ld  depends on th e  amount o f  
r e t i n a l  r e l a t i v e  movement, th e n  th e  t h r e s h o l d  v a lu e  i n  m i l l i m e t r e s  
s h o u ld  i n c r e a s e  by a f a c t o r  o f  two when th e  o b s e r v a t i o n  d i s t a n c e  i s  
d o u b le d .  As can  be s e e n  t h e  d a t a  c l o s e l y  a p p ro x im a te  t h i s  p a t t e r n  w i th  
t h r e s h o l d  v a lu e s  r o u g h ly  d o u b l in g  betw een o b s e r v a t i o n  d i s t a n c e s ^  o f  57 
and 114, and 114 and 228 cms. To em phas ise  t h i s  p o i n t  t h e  d a t a  have  
been  r e p l o t t e d  i n  F ig u r e  4 .1 1 b  w here t h r e s h o l d  has  been  e x p r e s s e d  i n  
m in. a r c  p e r  d e g re e  o f  head movement. I n  a n g u la r  t e r m s ,  t h r e s h o l d s  
a r e  ro u g h ly  s i m i l a r  f o r  a l l  v iew in g  d i s t a n c e s .  • There  i s ,  how ever ,  a 
d e v i a t i o n  from t h i s  p a t t e r n  f o r  t h e  h i g h e s t  s p a t i a l  f r e q u e n c y  a t  th e  
f a r t h e s t  d i s t a n c e .  Here t h r e s h o l d  i s  l e s s  th a n  would be e x p e c te d  and 
th e  r e a s o n  f o r  t h i s  d i s c r e p a n c y  i s  n o t  c l e a r .
A lth o u g h  i t  d id  n o t  a p p e a r  t o  a f f e c t  t h r e s h o l d s ,  d e p th  c o n s ta n c y  
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F ig u r e  4 . 1 1 .
P a r a l l a x  d e p th  t h r e s h o l d s  f o r  s u r f a c e s  p r e s e n t e d  a t  d i f f e r e n t  d i s t a n c e s  
from t h e  o b s e r v e r .  I n  ( a )  t h r e s h o l d s  f o r  d e t e c t i n g  s u r f a c e  a t  57 ( ♦ ) ,  
114 (■) and 228 ( • )  cms. from  t h e  o b s e r v e r  a r e  e x p re s s e d  a s  t h e  amount 
of peak  t o  t ro u g h  r e l a t i v e  m o tio n  i n  mm, t h a t  was needed t o  d e t e c t  t h e  
d e p th  s u r f a c e .T h e  d o t t e d  l i n e s  show a d d i t i o n a l  d a t a  c o l l e c t e d  when th e  
a n g u la r  sczfe o f  t h e  s u r f a c e  was made e q u a l  a t  each  o b s e r v a t i o n  d i s t a n c e  
I n  (b) t h e  d a t a  have  b een  p l o t t e d  so t h a t  t h e  t h r e s h o l d s  a r e  e x p re s s e d  
i n  a n g u la r  te rm s  a s  s e c  a r c  e q u i v a l e n t  d i s p a r i t y .  D ata  a r e  shown f o r  
two o b s e r v e r s ,  MEG ( l e f t )  and RF ( r i g h t ) .
. . .  3.-, '"..3 '
found t h a t  t h e  amount of p e r c e iv e d  d e p th  a t  t h r e s h o l d  was v e ry  l a r g e  
in d e e d .  As th e  peak  to  t ro u g h  d e p th  a m p l i tu d e  was s lo w ly  i n c r e a s e d  to  
t h r e s h o l d  a s u r f a c e  c o n ta i n in g  a  l a r g e  amount o f  d e p th  s u d d e n ly  
a p p e a r e d .  I n  c o n t r a s t ,  a t  n e a r e r  d i s t a n c e s ,  a  s l i g h t  d e p th  m o d u la t io n  
w ould o n ly  g r a d u a l l y  become a p p a r e n t .  In  summary, d e s p i t e  th e  
o p e r a t i o n  o f  d e p th  c o n s ta n c y ,  t h r e s h o ld s  f o r  p e r c e i v i n g  d e p th  i n  
p a r a l l a x  s u r f a c e s  depend on th e  r e t i n a l  r e l a t i v e  movement betw een th e  
im ages o f  d i f f e r e n t  p a r t s  o f  th e  s u r f a c e  and n o t  on t h e  s im u la te d  o r  
p e r c e iv e d  d e p th  w i t h i n  t h e  s u r f a c e .
i v )  S e n s i t i v i t y  f o r  d e p th  s u r f a c e s  w i th  p r o f i l e s  o f  d i f f e r e n t  
s h a p e s
I n  t h e  lu m in an ce  domain, s e n s i t i v i t y  to  lum inance  d i s t r i b u t i o n s  
w i t h  d i f f e r e n t l y  shaped  p r o f i l e s  has  been  u se d  t o  i n v e s t i g a t e  ■ th e
" 3b a s i s  of lu m in an c e  p r o c e s s in g  i n  th e  v i s u a l  sy s te m . I t  i s  w id e ly  j
a c c e p te d  t h a t  t h e  v i s u a l  sy s tem  u s e s  some form o f  s p a t i a l  f r e q u e n c y  
a n a l y s i s  w hich in v o lv e s  s e p a r a t e  p r o c e s s in g  o f  t h e  d i f f e r e n t  s p a t i a l  
f r e q u e n c y  com ponents  o f  th e  o v e r a l l  lum inance  p a t t e r n  (S a c h s ,  Nachmias 
and Robson, 1971; Graham, 1975; W ilson  and B ergen , 1 9 7 9 ) .  Cam pbell and 
Robson (1968)  have  compared th e  c o n t r a s t  s e n s i t i v i t y  f u n c t i o n s  f o r  
d e t e c t i n g  lu m in an ce  g r a t i n g s  w i th  s q u a re  and s i n u s o i d a l  p r o f i l e s  and 
t h i s  has  p ro v id e d  one l i n e  o f  e v id e n c e  f o r  such an a n a l y s i s . They 
found  t h a t  th e  s e n s i t i v i t y  f u n c t i o n  f o r  a  sq u a re  g r a t i n g  does n o t  show 
th e  f a l l  o f f  i n  s e n s i t i v i t y  a t  low s p a t i a l  f r e q u e n c ie s  t h a t  i s  commonly 
found  f o r  s i n e  g r a t i n g s ,  i n  a d d i t i o n ,  th e  o v e r a l l  s e n s i t i v i t y  f o r  
s q u a re  g r a t i n g s  i s  h e ig h te n e d  by an amount which c o r r e s p o n d s  to  th e  
i n c r e a s e d  a m p l i t u d e  of  t h e  fu n d am e n ta l  component o f  th e  s q u a re  wave 
compared w i th  t h a t  of a s i n e  g r a t i n g  o f  t h e  same a m p l i t u d e .  On th e
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o th e r  hand , e v id e n c e  a g a i n s t  t h i s  model has been found by C am pbe ll ,  
J o h n s to n e  and Ross (1981)  who a l s o  m easured s e n s i t i v i t y  to  lum inance  
g r a t i n g s  w i th  d i f f e r e n t l y  shaped  p r o f i l e s .  By m ea su r in g  s e n s i t i v i t y  4
f o r  t r a p e z o i d a l  lu m in an ce  g r a t i n g s  o f  d i f f e r e n t  ramp w id th s  from s q u a re  
t o  t r i a n g l e ,  th e y  have  a rg u e d  t h a t ,  a t  th e  low f re q u e n c y  end o f  t h e  
s e n s i t i v i t y  f u n c t i o n ,  d e t e c t i o n  i s  based  on c o n t r a s t  g r a d i e n t s  and n o t  
on th e  d e t e c t i o n  of s p a t i a l  f r e q u e n c y  com ponents.
I n  t h e  hope o f  u s in g  a n a lo g o u s  te c h n iq u e s  t o  i n v e s t i g a t e  d e p th  
p r o c e s s in g ,  t h r e s h o l d s  were m easured  f o r  s u r f a c e s  c o r r u g a t e d  in  d e p th  
w i th  d i f f e r e n t l y  shaped  d e p th  p r o f i l e s .  D epth i n f o r m a t io n  was 
s p e c i f i e d  by m o tio n  p a r a l l a x  i n  th e  u s u a l  way, and to  s p e c i f y  
c o r r u g a te d  s u r f a c e s  o f  d i f f e r e n t  sh a p e s ,  th e  shape  o f  t h e  d i s t o r t i o n  
s i g n a l  used  to  p r o v id e  t h e  r e l a t i v e  m otion  was a l t e r e d  a p p r o p r i a t e l y .
O th e r  d i s p l a y  c h a r a c t e r i s t i c s  and p ro c e d u re s  were th e  same a s  th o s e  
used  in  p r e v io u s  e x p e r im e n t s . 3
.. *■ ÇÏ
The phenomenal a p p e a ra n c e  o f  th e  f o u r  d i f f e r e n t l y  shaped  
c o r r u g a te d  s u r f a c e s  w i th  s i n e ,  s q u a re ,  ramp and t r i a n g l e  shaped  
p r o f i l e s  was i l l u s t r a t e d  i n  F ig u r e  3 .4 a .  S e n s i t i v i t y  f u n c t i o n s  were
m easured  f o r  one o b s e r v e r ,  f o r  d e t e c t i n g  d e p th  i n  c o r r u g a te d  s u r f a c e s  |
o f  t h e s e  f o u r  s h a p e s ,  and t h e s e  f u n c t i o n s  a r e  p l o t t e d  i n  F ig u re  4 .1 2 b .
As b e f o r e ,  th e  r e g i o n  o f  peak  s e n s i t i v i t y  was found to  be betw een  0 .2  
t o  0 .4  c y c /d e g  and t h i s  was t r u e  f o r  c o r r u g a t i o n s  of  a l l  s h a p e s .
O v e r a l l ,  s e n s i t i v i t y  was g r e a t e s t  f o r  c o r r u g a t i o n s  w i th  s q u a re - s h a p e d  s
p r o f i l e s ,  th e n  s i n e ,  t h e n  t r i a n g l e ,  th e n  ramp p r o f i l e s .  I f  d e t e c t i o n  
o f  d e p th  g r a t i n g s  was b ased  on some k ind  of d e p th  s p a t i a l  f re q u e n c y  
a n a l y s i s  a n a lo g o u s  to  t h a t  i n  th e  lum inance  domain th e n  t h r e s h o l d  
sh o u ld  depend on t h e  fu n d am e n ta l  component of th e  d e p th  g r a t i n g .  The
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Square Sine Triangle Ramp
Maximum Slope ? 1 O' 64 0 32
Predicted Order ? 1 2 3
Amplitude of 
Fundamental 127 1 0-81 0 64
Predicted Order 1 2 3 4
(a)
F ig u r e  4 . 1 2 .
P a r a l l a x  d e p th  t h r e s h o l d s  f o r  c o r r u g a t e d  s u r f a c e s  w i th  d i f f e r e n t
shaped  d e p th  p r o f i l e s .
( a )  The p r e d i c t e d  o r d e r  o f  s e n s i t i v i t y  f o r  c o r r u g a te d  s u r f a c e s  o f  f o u r  
sh a p e s  b a se d  on e i t h e r  t h e  maximum s lo p e  w i t h i n  t h e  d e p th  s u r f a c e  o r  
th e  a m p l i tu d e  o f  t h e  fu n d a m e n ta l  d e p th  s p a t i a l  f r e q u e n c y  o f  th e  
s u r f a c e .
(b) T h r e s h o ld s  f o r  d e t e c t i n g  s q u a r e  ( ■ ) ,  s i n e  ( • ) ,  t r i a n g l e  (a ) and 
ramp^^shaped d e p th  c o r r u g a t i o n s  as  a f u n c t i o n  o f  t h e  s p a t i a l  
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I n  F ig u re  A«13, t h e  p a r a l l a x  d e p th  t h r e s h o l d s  a r e  p l o t t e d  f o r  
a n o th e r  s u b j e c t  f o r  s q u a r e ,  t r a p e z o i d a l  and t r i a n g l e  shaped d e p th
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a m p l i tu d e  o f  t h e  fu n d a m e n ta l  v a r i e s  f o r  t h e  d i f f e r e n t l y  shaped  p r o f i l e s  "if
and th e  r e l a t i v e  a m p l i tu d e s  a r e  shown i n  F ig u r e  4 .1 2 a .  The p r e d i c t e d  
o r d e r  of r e l a t i v e  s e n s i t i v i t y  from t h i s  a n a l y s i s  i s  i n  f a c t  th e  same a s  |
t h e  o bse rved  o r d e r  shown i n  F ig u r e  4 .1 2 b .  However, i t  i s  a l s o  p o s s i b l e  
t h a t  an e x p l a n a t i o n  w here  d e t e c t i o n  depends on t h e  f i r s t  and second  
s p a t i a l  d e r i v a t i v e s  o f  d e p th  change i n  th e  d i f f e r e n t  p r o f i l e s  c o u ld  #
a l s o  be advanced  w hich  would make th e  same p r e d i c t i o n .  I f ,  f o r
exam ple ,  t h r e s h o l d s  depend on t h e  s lo p e  o f  t h e  d e p th  s u r f a c e  r e a c h in g  a
c r i t i c a l  v a lu e  th e n  t h e  p r e d i c t e d  o r d e r  f o r  s i n e ,  t r i a n g l e  and ramp
s u r f a c e s  i s  th e  same a s  th e  s p a t i a l  f r e q u e n c y  p r e d i c t i o n  ( F ig u r e
4 . 1 2 a ) .  I t  i s  n o t  c l e a r  what p r e d i c t i o n  would be made f o r  th e  s q u a re  
d e p th  p r o f i l e  s in c e  i t  i s  u n c l e a r  how to  e v a l u a t e  t h i s  p r o f i l e  i n  te rm s  
o f  s lo p e s  o r  d e p th  g r a d i e n t s .  The d i f f e r e n c e s  betw een th e  s p a t i a l  
f r e q u e n c y  and d e p th  g r a d i e n t  p r e d i c t i o n s  i s  a q u a n t i t a t i v e  r a t h e r  th a n  |
a q u a l i t a t i v e  one . W ith  th e  p r e s e n t  d e s ig n  and p ro c e d u re s  t h e  
d i f f e r e n c e s  betw een th e  s e n s i t i v i t y  to  t h e  d i f f e r e n t l y  shaped  s u r f a c e s  
was too  s m a l l  to  a d e q u a t e ly  t e s t  th e  q u a n t i t a t i v e  p r e d i c t i o n s  from  
t h e s e  two m odels .
O th e r  e v id e n c e  r e l a t i n g  to  w h e th e r  d e p th  p r o c e s s in g  in v o lv e s  an 
a n a l y s i s  o f  a d e p th  s u r f a c e  i n t o  d i f f e r e n t  s p a t i a l  f r e q u e n c ie s  of  d e p th  
change  w i l l  be c o n s id e r e d  i n  th e  n e x t  c h a p t e r .  The p r e s e n t  d a t a  th row  
some doubt on t h i s  p o s s i b i l i t y  s i n c e  t h e r e  i s  a  marked d e c re a s e  i n  |
s e n s i t i v i t y  a t  th e  lo w e s t  s p a t i a l  f r e q u e n c y  even f o r  a d e p th  
c o r r u g a t i o n  w i th  a s q u a r e  shaped  p r o f i l e .  T h is  d e c r e a s e  would n o t  be I
p r e d i c t e d  from a s im p le  f r e q u e n c y  m odel.  g
i
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F ig u r e  4 .1 3 .
T h r e s h o ld s  f o r  p a r a l l a x  d e p th  s u r f a c e s  o f  low s p a t i a l  f r e q u e n c i e s  
w i th  s q u a re  (■ ) .  t r a p e z o i d a l  ( • )  and t r i a n g l ^ l h a p e d  d e p th  p r o f i l e s .  
(O b se rv e r  MEG),
'.'k:
S
c o r r u g a t i o n s  o f  low s p a t i a l  f r e q u e n c i e s .  The t r a p e z o i d a l  s u r f a c e  had a #
I
ramp w id th  e q u a l  t o  h a l f  t h a t  o f  th e  t r i a n g u l a r  s u r f a c e  o f  t h e  same 
a m p l i tu d e  and s p a t i a l  f r e q u e n c y ,  and was f l a t  d u r in g  th e  r e s t  o f  t h e  I
c y c l e .  I t  w as, t h e r e f o r e  h a lfw ay  betw een a t r i a n g u l a r  and a sq u a re  
shaped  c o r r u g a t i o n .  The d a t a  c l e a r l y  s u g g e s t  t h a t  t h r e s h o l d s  f o r  th e  
t r a p e z o i d a l  c o r r u g a t i o n  a r e  ' s i m i l a r  to  th o s e  f o r  th e  s q u a re
Ic o r r u g a t i o n ,  and b o th  a r e  l e s s  th an  th o s e  f o r  th e  t r i a n g u l a r  ÿ
c o r r u g a t i o n .  The d i f f e r e n c e  i n  s e n s i t i v i t y  was, how ever, n o t  
s u f f i c i e n t  to  a l l o w  a  d e t a i l e d  i n v e s t i g a t i o n  of s e n s i t i v i t y  to  a  whole 
r a n g e  o f  t r a p e z o i d a l  waveform s w i th  d i f f e r e n t  ramp w i d t h s .  Such an 
a n a l y s i s  would have  i n d i c a t e d  w h e th e r  d e t e c t i o n  o f  t h e s e  s u r f a c e s  was 
b a sed  on d e p th  g r a d i e n t s .  I t  i s  i n t e r e s t i n g  t h a t ,  a t  t h r e s h o l d ,  t h e  
a p p e a ra n c e  o f  c o r r u g a t i o n s  o f  a l l  t h r e e  shapes  was r e p o r t e d  to  be v e ry  
s i m i l a r  and a l l  a p p e a re d  rounded in "  d e p th .  The i n v e s t i g a t i o n  o f  
t h r e s h o l d s  f o r  d i f f e r e n t l y  shaped  s u r f a c e s  would seem to  be a f r u i t f u l  ^
a r e a  f o r  f u t u r e  i n v e s t i g a t i o n  i f  more a p p r o p r i a t e  t e c h n iq u e s  were 
a p p l i e d .
v )  D epth  t h r e s h o l d s  f o r  a  s t e r e o b l i n d  o b s e rv e r i
As h a s  b een  w id e ly  documented and i n v e s t i g a t e d  th e  a b i l i t y  to  
u s e  s t e r e o s c o p i c  i n f o r m a t io n  v a r i e s  w id e ly  betw een  i n d i v i d u a l s  
( R ic h a r d s ,  1970, 1971a; J u l e s z ,  1971 ) .  S te re o  v i s i o n  i s ,  of c o u r s e ,  
n o t  a v a i l a b l e  f o r  p e o p le  who have l o s t  th e  s i g h t  of  one e y e ,  and i s  
a l s o  a b s e n t  f o r  some who have  s u f f e r e d  s e v e r e  s q u i n t  o r  a s t i g m a t i s m .
The l o s s  o f  s t e r e o s c o p i c  v i s i o n  does  n o t ,  how ever, seem to  d r a s t i c a l l y  
a f f e c t  t h e  a b i l i t y  o f  t h e s e  i n d i v i d u a l s  to  a c t  e f f e c t i v e l y  i n  t h e  
e n v iro n m e n t  and th e  h ig h  s t a n d a r d s  a c h ie v e d  i n  s p o r t  and a t h l e t i c s  by 
i n d i v i d u a l s  w i th  m onocu lar  v i s i o n ,  a t t e s t s  to  t h i s  f a c t .  M otion I
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To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  a s e n s i t i v i t y  f u n c t i o n  f o r  
p a r a l l a x  d e p th  s u r f a c e s  was m easu red  f o r  a  s t e r e o b l i n d  o b s e r v e r  who had 
v i s i o n  i n  o n ly  one ey e .  T h r e s h o ld s  were m easured u s in g  th e  norm al 
d i s p l a y  and p r o c e d u r e s  and th e  d a t a  a r e  p l o t t e d  i n  F ig u re  4 .1 4 .  A p a r t  
from  a marked i n s e n s i t i v i t y  to  t h e  lo w e s t  f r e q u e n c y  t e s t e d  th e  
s e n s i t i v i t y  f u n c t i o n  was v e ry  s i m i l a r  to  t h o s e  o b ta in e d  f o r  o b s e r v e r s  
w i t h  a d e q u a te  s t e r e o  v i s i o n .  P eak s e n s i t i v i t y ,  w hich o c c u r r e d  a s  u s u a l  
a t  0 .2  to  0 .4  c y c /d e g ,  was a ro u n d  13 s e c  a r c  p e r  deg o f  head  movement. 
T h is  s e n s i t i v i t y  i s  w i t h i n  t h e  r a n g e  n o rm a l ly  o b se rv e d  b u t  does n o t  
r e p r e s e n t  a v e ry  h ig h  s e n s i t i v i t y  to  p a r a l l a x  d e p th .  Fo r  exam ple , two 
o f  th e  o b s e r v e r s  i n  th e  e x p e r im e n t  d e s c r ib e d  a t  th e  b e g in n in g  o f  t h i s  
c h a p t e r ,  showed t h r e s h o l d s  w hich  w ere  a f a c t o r  of two lo w er  th a n  t h i s .
H ence , a t  l e a s t  f o r  t h i s  s t e r e o b l i n d  o b s e r v e r ,  s e n s i t i v i t y  f o r  
p a r a l l a x  d e p th  was n o t  h e ig h te n e d  by a g r e a t e r  r e l i a n c e  on m o tion
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p a r a l l a x  s u r f a c e s  p roduced  u s in g  th e  te c h n iq u e s  d e s c r ib e d  i n  t h i s  
t h e s i s  have now been  shown t o  s e v e r a l  hundred  i n d i v i d u a l s  and e v e ry  
o b s e r v e r  has  been  a b l e  t o  p e r c e i v e  d e p th  i n  t h e  s u r f a c e .  M otion  
p a r a l l a x  seem s, t h e r e f o r e ,  t o  be a s o u rc e  o f  i n f o r m a t io n  l e s s  
s u s c e p t i b l e  t o  i n d i v i d u a l  v a r i a t i o n  p e rh a p s  b e c au se  i t  o n ly  r e q u i r e s  ^
a d e q u a te  v i s i o n  i n  one ey e .  I t  seems l i k e l y  t h a t  s t e r e o - d e f i c i e n t  
o b s e r v e r s  would r e l y  h e a v i l y  on m o tion  p a r a l l a x  as  a  s o u rc e  o f  d e p th  
in f o r m a t io n  and th e  q u e s t i o n  a r i s e s  a s  to  w he ther  t h e s e  i n d i v i d u a l s  a r e  - 
a b l e  to  u s e  p a r a l l a x  i n f o r m a t io n  more e f f e c t i v e l y  th a n  p e o p le  w i th  
a d e q u a te  b i n o c u l a r  v i s i o n .  A r e l i a n c e  on m otion  p a r a l l a x  m igh t r e s u l t  
i n  a g r e a t e r  s e n s i t i v i t y  to  r e l a t i v e  m otion  t r a n s f o r m a t i o n s  and so i t  
m igh t  be  e x p e c te d  t h a t  t h r e s h o l d s  f o r  p e r c e iv i n g  p a r a l l a x  d e p th  would 
be  low er  f o r  s t e r e o b l i n d  o b s e r v e r s .
.1
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F ig u r e  4 .1 4 .
T h r e s h o ld s  f o r  d e t e c t i n g  p a r a l l a x  d e p th  c o r r u g a t i o n s  m easured  f o r  a 
s t e r e o b l i n d  o b s e r v e r  (AK).
p a r a l l a x  a s  a  s o u rc e  o f  d e p th  i n f o r m a t io n .
I
The e x p e r im e n ts  d e s c r i b e d  in  t h i s  c h a p te r  have looked  a t  t h e  
s e n s i t i v i t y  o f  th e  v i s u a l  sy s te m  to  d ep th  m o d u la t io n s  s p e c i f i e d  by 
r e l a t i v e  m otion  o r  d i s p a r i t i e s .  The s e n s i t i v i t y  f u n c t i o n s  have shown 
t h a t  t h e r e  a r e  c lo s e  s i m i l a r i t i e s  be tw een th e  t h r e s h o l d  c h a r a c t e r i s t i c s  
o f  th e  p a r a l l a x  and s t e r e o s c o p i c  p r o c e s s in g  s y s te m s .  They have a l s o  
s u g g e s te d  t h a t  t h e r e  m ig h t  be an o p t im a l  a r e a  o v e r  which d i f f e r e n t i a l  
m o tion  o r  d i s p a r i t y  can  be p ic k e d  up . The e x p e r im e n ts  r e p o r t e d  i n  th e  
f o l l o w in g  c h a p te r s  d e s c r i b e  some s u p r a t h r e s h o l d  d e p th  e f f e c t s  w hich  ti
have  p ro v id e d  f u r t h e r  i n d i c a t i o n s  o f  th e  n a t u r e  and s p a t i a l  e x t e n t  of 
t h e  mechanisms u n d e r l y i n g  d e p th  p r o c e s s in g .  These e f f e c t s  have  a l s o
"3
con firm ed  th e  c lo s e  s i m i l a r i t y  be tw een m otion  p a r a l l a x  and s t e r e o p s i s .
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Chapter 5 Successive Contrast Effects In the Depth Domain
C o n t r a s t  e f f e c t s  have been e x t e n s i v e l y  r e p o r t e d  and i n v e s t i g a t e d  
th ro u g h o u t  t h e  h i s t o r y  o f  v i s u a l  p e r c e p t i o n .  S u c c e s s iv e  c o n t r a s t  
e f f e c t s  o r  a f t e r e f f e c t s  d e s c r i b e  p e r c e p tu a l  e f f e c t s  where th e  
phenom enal im p r e s s io n  of a s t im u lu s  i s  a f f e c t e d  by th e  s t i m u l i  which 
have  been  p r e s e n t e d  p r e v i o u s l y .  S im u ltan eo u s  c o n t r a s t  e f f e c t s ,  on th e  
o t h e r  h a n d ,  o c c u r  when th e  p e rc e iv e d  n a tu r e  o f  a s t im u lu s  i s  a f f e c t e d  
by s t i m u l i  a d j a c e n t  i n  s p a c e ,  r a t h e r  th a n  t im e .  The two ty p e s  of 
c o n t r a s t  e f f e c t  a r e ,  t h e r e f o r e ,  a r e s u l t  o f  e i t h e r  t e m p o ra l  o r  s p a t i a l  
i n t e r a c t i o n s .  I t  h a s  been  known s in c e  A r i s t o t l e ,  f o r  exam ple, t h a t  
p ro lo n g e d  v ie w in g  of a  b r i g h t  d i s k  g iv e s  r i s e  to  a com plem entary
a f t e r i m a g e  and t h a t  a  g re y  d i s c  w i th  a l i g h t  s u r ro u n d  a p p e a rs  d a r k e r  
t h a n  a com parab le  d i s c  w i th  a d a rk  s u r ro u n d .  S i m i l a r l y ,  c o lo u re d  
a f t e r i m a g e s  and c o lo u r  c o n t r a s t  (where a g rey  d i s c  t a k e s  on th e  
com plem en tary  c o lo u r  to  i t s  s u r ro u n d )  were n o te d  and s t u d i e d  by 
L eonardo  da V in c i  ( s e e  B o r in g ,  1942) .  Over th e  l a s t  hundred  y e a r s  i t
h a s  become a p p a r e n t  t h a t  s i m i l a r  s u c c e s s iv e  and s im u l ta n e o u s  c o n t r a s t  "
■ie f f e c t s  o c c u r  i n  many v i s u a l  d im ens ions  and t h e s e  have been w id e ly  |
s t u d i e d  (H e lm h o l tz ,  1925; H er in g  1886; Wohlgemuth, 1911; G ibson , 1 9 3 3 ) .  
R e c e n t l y ,  one of th e  m ajo r  r e a s o n s  f o r  s tu d y in g  s u c c e s s i v e  and
s im u l ta n e o u s  c o n t r a s t  e f f e c t s  has  been th e  b e l i e f  t h a t  such e f f e c t s  can 
be used  to  e l u c i d a t e  t h e  p r o p e r t i e s  of th e  mechanisms u n d e r l y i n g  v i s u a l  
p r o c e s s i n g  ( S u t h e r l a n d ,  1961; Blakemore and S u t to n ,  1969; M e llo n ,  1974;
A n s t i s ,  1975; F r i s b y  1 9 79 ) .  I t  has  been a rgued  t h a t  s u c c e s s iv e
c o n t r a s t  e f f e c t s  p r o v id e  e v id e n c e  f o r  th e  e x i s t e n c e  o f  s p e c i f i c  
p r o c e s s i n g  m echan ism s, f o r  exam ple, mechanisms r e s p o n s i v e  to  d i f f e r e n t  
s p a t i a l  f r e q u e n c i e s  (B lakem ore and S u t to n ,  1969) .  S im u lta n e o u s
c o n t r a s t  e f f e c t s ,  on t h e  o t h e r  hand , i n d i c a t e  th e  s p a t i a l  e x t e n t  o v e r
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which such processes operate (Ratliff, 1965; von Bekesy, 1968).
W ith in  t h i s  g e n e r a l  f ram ew ork , b o th  s u c c e s s iv e  and s im u l ta n e o u s  1
c o n t r a s t  e f f e c t s  have  been  s tu d i e d  i n  t h e  d e p th  dom ain. The 
e x p e r im e n ts  d e s c r i b e d  i n  t h i s  c h a p te r  were d e s ig n e d  to  i n v e s t i g a t e  
s u c c e s s i v e  c o n t r a s t  e f f e c t s  f o r  d ep th  s u r f a c e s  s p e c i f i e d  by m otion  
p a r a l l a x  i n f o r m a t io n .  For c o m p a r iso n ,  a f t e r e f f e c t s  f o r  s t e r e o s c o p i c  
d e p th  were a l s o  i n v e s t i g a t e d .  S tu d ie s  o f  s im u l ta n e o u s  d e p th  c o n t r a s t  
a r e  d e s c r ib e d  i n  th e  f o l l o w in g  c h a p t e r .
5 .1  S u c c e s s iv e  c o n t r a s t  e f f e c t s .
S u c c e s s iv e  c o n t r a s t  e f f e c t s  f o l lo w in g  p ro lo n g e d  s t i m u l a t i o n ,  can 
be d e m o n s t ra te d  i n  many s e n s o r y  d im e n s io n s .  The b e s t  known example i s  
p r o b a b ly  th e  w a t e r f a l l  i l l u s i o n  o r  movement a f t e r e f f e c t  (Wohlgemuth,
1911) w here a f t e r  p ro lo n g e d  v ie w in g  o f  a  s u r f a c e  moving i n  one
\d i r e c t i o n ,  a  s t a t i o n a r y  p a t t e r n  a p p e a rs  to  move i n  th e  o p p o s i t e
d i r e c t i o n .  T h is  ty p e  o f  c o n t r a s t  e f f e c t  i s  an example o f  a  n e g a t i v e
a f t e r e f f e c t  w here a n e u t r a l  t e s t  s t im u lu s  t a k e s  on p r o p e r t i e s
com plem entary  t o  th o se  of th e  a d a p t in g  s t im u lu s  (F a v re a u  and C o r b a l l i s ,
1 9 7 6 ) .  . A no the r  ty p e  o f  c o n t r a s t  e f f e c t  o c c u rs  when p r o lo n g e d  v iew in g
c a u s e s  s h i f t s  i n  th e  p e rc e iv e d  c h a r a c t e r i s t i c s  of s u b s e q u e n t ly  viewed
s t i m u l i .  Fo r  exam ple , a f t e r  p ro lo n g e d  v iew ing  o f  a lum inance  g r a t i n g  
a t  one s p a t i a l  f r e q u e n c y ,  th e  f re q u e n c y  of a t e s t  g r a t i n g  a t  a
n e ig h b o u r in g  s p a t i a l  f re q u e n c y  i s  m ls p e rc e iv e d  (B lakem ore and S u t to n ,
1 9 6 9 ) .  I n  b o th  c a s e s  th e  a f t e r e f f e c t  i s  th o u g h t  to  a r i s e  from th e
a d a p t a t i o n  of m echanisms w i t h in  th e  v i s u a l  sys tem  which become f a t i g u e d
th ro u g h  p ro lo n g e d  s t i m u l a t i o n  ( S u th e r l a n d ,  1961; Blakemore and S u t to n ,
;î99 ' g
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1969; 'C o l t h e a r t ,  1 9 7 1 ) .  A l t e r n a t i v e l y ,  some a u th o r s  s u g g e s t  t h a t  #Ia f t e r e f f e c t s  a r i s e  from  p ro lo n g e d  i n h i b i t i o n  betw een mechanisms 
f o l lo w in g  a d a p t a t i o n  (D ealy  and T o l h u r s t ,  1974) .  I t  i s  n o t  c l e a r  
w h e th e r  n e g a t i v e  a f t e r e f f e c t s  and th o s e  w hich p ro d u ce  s h i f t s  in  
p e r c e iv e d  s t i m u lu s  v a lu e s  can  be e x p la in e d  by th e  same u n d e r l y i n g  
o r g a n i s a t i o n  o f  p r o c e s s i n g  m echanism s. R e c e n t ly ,  how ever , b o th  ty p e s  
o f  m otion  a f t e r e f f e c t  have been a t t r i b u t e d  to  changes i n  th e  o v e r a l l  
r e s p o n s e  d i s t r i b u t i o n  of  in d ep e n d e n t  tuned  c h a n n e l s  (M ather and 
M oulden, 1 9 8 0 ) .
W ith in  th e  f i e l d  of d ep th  p e r c e p t i o n ,  t h e r e  have been s e v e r a l  
r e p o r t s  of i l l u s o r y  d e p th  e f f e c t s  which f o l lo w  p ro lo n g e d  v iew in g  o f  
t h r e e - d i m e n s i o n a l  s t i m u l i .  For  exam ple, K oh le r  and Emery (1947) 
r e p o r t e d  t h a t  i n s p e c t i o n  of a s t im u lu s  which s lo p e d  away from th e  
o b s e r v e r  i n  d e p th ,  a f f e c t e d  th e  p e r c e p t i o n  of a s u b s e q u e n t ly  viewed 
s t i m u lu s  i n  t h e  f r o n t o p a r a l l e l  p l a n e ,  so t h a t  i t  a p p e a re d  to  s lo p e  - 
tow ard  th e  o b s e r v e r .  O th e r  a u th o r s  have shown t h a t  th e  d i s t a n c e  t o  a 
f i g u r e  o r  s u r f a c e  w i l l  o f t e n  be m is p e rc e iv e d  a f t e r  p ro lo n g e d  v ie w in g  of 
a s t i m u lu s  a t  a d i f f e r e n t  d i s t a n c e  (Ames, 1935; Howard and T em p le to n ,
1 9 6 4 ) .  However, s i n c e  t h e s e  s t u d i e s  used  r e a l  t h r e e - d i m e n s i o n a l  'd
o b j e c t s  and d i s p l a y s ,  t h e r e  were g e n e r a l l y  s e v e r a l  s o u rc e s  of d e p th  
i n f o r m a t io n  a v a i l a b l e  to  t h e  o b s e rv e r  and t h i s  made i t  im p o s s ib le  to  
a t t r i b u t e  t h e  a f t e r e f f e c t s  to  any one s o u r c e .  M oreover, from t h e s e  
s t u d i e s  i t  i s  n o t  p o s s i b l e  to  conc lude  t h a t  th e  r e p o r t e d  a f t e r e f f e c t s  
w ere  g e n e r a te d  by a d a p t i v e  mechanisms w i t h in  d e p th  p r o c e s s in g  sy s te m s .
I n s t e a d ,  i t  i s  p o s s i b l e  t h a t  th e  a f t e r e f f e c t s  were a  r e s u l t  of 
a d a p t a t i o n  w i t h i n  l o c a l  s i z e  o r  o r i e n t a t i o n  p r o c e s s in g  u n i t s ,  s i n c e
tw o -d im e n s io n a l  i n f o r m a t io n  abou t  form was a l s o  a v a i l a b l e  to  th e





T h is  p rob lem  can  be overcome i f  random do t  s te r e o g ra m s  ( J u l e s z ,
1960; 1 9 7 1 ) ,  a r e  used  as  a d a p t i n g  s t i m u l i .  T h is  e n s u re s  t h a t  th e  d e p th  
cue  o f  s t e r e o p s i s  i s  i s o l a t e d  from o t h e r  confounding  v a r i a b l e s .  The 
d e p th  s u r f a c e  p e r c e iv e d  i n  a  random d o t  s te re o g ra m  i s  n o t  p r e s e n t  i n  
e i t h e r  m onocu la r  v iew  a lo n e  a n d ,  s i n c e  th e  d e p th  r e l a t i o n s h i p s  a r e  
s p e c i f i e d  o n ly  by b i n o c u l a r  d i s p a r i t i e s ,  any d ep th  a f t e r e f f e c t  w hich 
f o l lo w s  i n s p e c t i o n  o f  such  a s u r f a c e  c a n ,  t h e r e f o r e ,  o n ly  have  r e s u l t e d
■3from th e  a d a p t a t i o n  o f  m echanism s a t  th e  l e v e l  o f  s t e r e o p s i s  o r  beyond . %
Random d o t  s te r e o g r a m s  w ere  used  by Blakemore and J u l e s z  (1971)  to  €
d e m o n s t r a t e ,  u n e q u i v o c a l l y ,  t h a t  d e p th  a f t e r e f f e c t s  f o l lo w  p ro lo n g e d  3
i n s p e c t i o n  o f  s t e r e o s c o p i c  d e p th  s u r f a c e s .  T h e i r  e x p e r im e n t  i s  3
i l l u s t r a t e d  i n  F ig u r e  5 . 1 .  O b se rv e rs  were shown a random d o t  .
s te r e o g ra m  w hich  p o r t r a y e d  a d e p th  s u r f a c e  c o n ta in in g  two s q u a r e s ,  one j?
above th e  o t h e r ,  w hich  s to o d  o u t  i n  f r o n t  of a b ack g round . The u p p e r  3
s q u a re  was a t  a  g r e a t e r  c r o s s e d  d i s p a r i t y  th an  th e  low er s q u a re  and so 
i t  a p p e a re d  to  l i e  c l o s e r  to  t h e  o b s e r v e r .  A f t e r  v iew in g  th e  s u r f a c e  |
f o r  a  m in u te ,  o b s e r v e r s  w ere  shown a t e s t  s te r e o g ra m  c o n t a i n i n g  two 
s q u a re s  a t  t h e  same d i s p a r i t y ,  w hich would n o rm a l ly  have  a p p e a re d  to  f
l i e  a t  th e  same d e p th .  O b s e rv e r s  r e p o r t e d  t h a t  th e  s q u a re s  i n  t h e  t e s t  |
s t e r e o g ra m  a p p e a re d  to  l i e  a t  d i f f e r e n t  d e p th s ,  and th e  u p p e r  s q u a re  
ap p e a re d  to  l i e  f a r t h e r  away th a n  th e  low er  s q u a r e ,  t h a t  i s ,  t h e  
p e r c e iv e d  d e p th  d i f f e r e n c e  was i n  th e  o p p o s i t e  d i r e c t i o n  to  t h a t  i n  t h e  £
a d a p t in g  s u r f a c e .  B lakem ore  and J u l e s z  went on to  m easure  t h e  s i z e  of 
t h e  a f t e r e f f e c t  by i n t r o d u c i n g  a  p h y s ic a l  d i s p a r i t y  be tw een th e  two 
s q u a re s  i n  t h e  t e s t  s te r e o g r a m  u n t i l  t h e  a f t e r e f f e c t  was c a n c e l l e d  ou t 
and t h e  two s q u a r e s  a p p e a re d  to  l i e  i n  th e  same d e p th  p l a n e .  They fiifound t h a t ,  i f  t h e  d i f f e r e n c e  i n  d i s p a r i t y  between th e  two s q u a re s  i n  
t h e  a d a p t i n g  s te r e o g ra m  was 4 m in u te s  of a r c  th e n  th e  s u b s e q u e n t  
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F ig u r e  5 ,1 .
TEST
The d e p th  s u r f a c e s  u s e d  t o  d e m o n s t r a te  s t e r e o s c o p i c  d e p th  a f t e r e f f e c t s  
by Blakem ore and J u l e s z  ( 1 9 7 1 ) .  A f t e r  p ro lo n g e d  v ie w in g  o f  an  a d a p t i n g  
s u r f a c e  c o n t a i n i n g  an u p p e r  s q u a re  i n  f r o n t  o f  t h e  f i x a t i o n  p o i n t  and a 
low er s q u a re  b e h in d ,  a t e s t  s u r f a c e tâs  p r e s e n t e d  w h ich  c o n ta in e d  two 
s q u a r e s  i n  th e  p la n e  o f  t h e  f i x a t i o n  p o i n t .  The two s q u a re s  i n  t h e  t e s t  
s u r f a c e  a p p e a re d  to  l i e  a t  d i f f e r e n t  d e p t h s ,  t h e  low er  a p p e a re d  to  be  
n e a r e r  t h e  o b s e rv e r  th a n  t h e  u p p e r .
I■I
m inu te  o f  a r c  be tw een  th e  two s q u a re s  I n  t h e  t e s t  s te r e o g ra m  > "tj
E x p re sse d  a s  a  p e r c e n t a g e ,  th e  s t r e n g t h  o f  th e  a f t e r e f f e c t  was 
t h e r e f o r e  a b o u t  25%.
More r e c e n t l y .  Long and Over (1973) e x te n d e d  th e  f i n d i n g s  o f  %
Blakemore and J u l e s z  t o  c o v e r  a w ide range  of a d a p t in g  d i s p a r i t i e s .  In  
t h e i r  s tu d y ,  th e  a d a p t in g  s te r e o g ra m  p o r t r a y e d  a s u r f a c e  c o n ta i n in g  a
s i n g l e  s q u a r e  a t  one o f  a r a n g e  o f  d i s p a r i t i e s  w i th  r e s p e c t  to  t h e  ^
■Ub ack g ro u n d .  The t e s t  s te r e o g ra m  a l s o  c o n ta in e d  a c e n t r a l  s q u a r e ,  and -d
t h e  d i s p a r i t y  o f  t h e  c e n t r e  s q u a re  cou ld  be a l t e r e d  u n t i l  I t  a p p e a re d  
t o  l i e  In  t h e  same p la n e  a s  t h e  background and t h e  w hole s u r f a c e  
a p p eared  f l a t .  Over a  w hole  r a n g e  of a d a p t in g  d i s p a r i t i e s  a f t e r e f f e c t s  
o f  be tw een 15 and 20 p e r  c e n t  were r e c o r d e d .  For exam ple . I t  was found 
t h a t  a f t e r  a d a p t i n g  to  a  s q u a re  w hich had a d i s p a r i t y  o f  6 m in u te s  o f  
a r c  w i th  r e s p e c t  to  t h e  b a c k g ro u n d ,  t h e  t e s t  s u r f a c e  a p p e a re d  to  be ï;|
c o m p le te ly  f l a t  when th e  t e s t  s q u a re  was a c t u a l l y  a t  a  d i s p a r i t y  o f  70 
se co n d s  a r c  w i t h  r e s p e c t  to  t h e  backg round . An e f f e c t  of s i m i l a r  
m agn itude  was o b se rv e d  by M i t c h e l l  and Baker (1973) who used  
s t e r e o s c o p i c  l i n e  and g r a t i n g  s t i m u l i  r a t h e r  th a n  random d o t  p a t t e r n s .
S in c e  d e p th  a f t e r e f f e c t s  can be g e n e ra te d  w i th  random d o t  
s te r e o g ra m s  th e  s i t e  o f  a d a p t a t i o n  must be a t  th e  l e v e l  o f  s t e r e o s c o p i c  
p r o c e s s in g  o r  beyond. Blakem ore and J u l e s z  (1971)  s u g g e s t  t h a t  the  
a f t e r e f f e c t s  a r e  due to  th e  a d a p t a t i o n  of d i s p a r i t y  p r o c e s s in g
sm echanism s, p e rh a p s  o f  a  s i m i l a r  ty p e  to  th o se  found p h y s i o l o g i c a l l y  
(B arlow , B lakem ore  and P e t t i g r e w ,  1973; Pogglo and F i s c h e r ,  1 9 7 7 ) .  The 
d e m o n s t r a t io n  t h a t  t r u e  d e p th  a f t e r e f f e c t s  can o c c u r  f o r  s u r f a c e s  
s p e c i f i e d  by b i n o c u l a r  d i s p a r i t i e s ,  r a i s e s  th e  q u e s t i o n  o f  w h e th e r  
d e p th  a f t e r e f f e c t s  a r e  a l s o  p roduced  a f t e r  p ro lo n g e d  v ie w in g  o f  d e p th
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s u r f a c e s  s p e c i f i e d  by o t h e r  s o u rc e s  o f  d e p th  I n f o r m a t io n .  The 14
e x p e r im e n ts  d e s c r i b e d  h e r e  u sed  th e  t e c h n iq u e s  d e s c r i b e d  p r e v i o u s l y ,  to  S
lo o k  a t  a f t e r e f f e c t s  f o l l o w in g  I n s p e c t i o n  of  p a r a l l a x  d e p th  s u r f a c e s .  
A f t e r e f f e c t s  f o r  d e p th  from  r e l a t i v e  m o tion  had n o t  been p r e v i o u s l y  
r e p o r t e d  In  t h e  l i t e r a t u r e .  The a f t e r e f f e c t s  g e n e r a te d  by m otion  
p a r a l l a x  s u r f a c e s  were a l s o  compared w i th  th o s e  g e n e ra te d  by 
s t e r e o s c o p i c  s u r f a c e s .
5 .2  M ethods and p r o c e d u r e .
D epth  a f t e r e f f e c t s  f o l lo w in g  p ro lo n g e d  I n s p e c t i o n  of 
s i n u s o i d a l l y  c o r r u g a te d  d e p th  s u r f a c e s  were m easured  f o r  b o th  m o tion  
p a r a l l a x  and s t e r e o s c o p i c  d e p th .  The m otion  p a r a l l a x  and s t e r e o s c o p i c  
d i s p l a y s  w ere  I d e n t i c a l  t o  t h o s e  d e s c r i b e d  In  t h e  l a s t  c h a p t e r .  I n  th e  
m o tio n  p a r a l l a x  d i s p l a y ,  d e p th  I n f o r m a t io n  was p ro v id e d  by I n t r o d u c in g  
p a t t e r n s  of r e l a t i v e  m o tio n  I n t o  a  random do t  p a t t e r n .  The r e l a t i v e  
movement was l i n k e d  to  t h e  movement of th e  o b s e r v e r ,  who moved from 
s i d e  to  s i d e  on a c h l n r e s t  w h i l e  v iew in g  th e  p a t t e r n  m o n o c u la r ly .  I n  
t h e  s t e r e o s c o p i c  d i s p l a y ,  d e p th  I n f o r m a t io n  was p ro v id e d  by b i n o c u l a r  
d i s p a r i t i e s  be tw een two random d o t  p a t t e r n s  w hich were viewed 
I n d e p e n d e n t ly  ^by th e  two eyes  In  t h e  s t e r e o s c o p i c  v ie w in g  a r r a n g e m e n t .
I n  b o th  c a s e s ,  th e  d e p th  In  th e  a d a p t in g  s u r f a c e  was s i n u s o i d a l l y  
m o d u la ted  so t h a t  t h e  s u r f a c e  c o n s i s t e d  of h o r i z o n t a l  c o r r u g a t i o n s .  I n  I
p r e l i m i n a r y  e x p e r im e n t s ,  t h i s  c o r r u g a te d  s u r f a c e  seemed to  p ro d u ce  a 
s t r o n g e r  a f t e r e f f e c t  th a n  s u r f a c e s  c o n ta i n in g  s q u a re  wave d e p th  
m o d u la t io n s  o r  I s o l a t e d  a r e a s  In  d e p th  ( a l t h o u g h  th e  l a t t e r  were more 
s i m i l a r  to  t h e  s t i m u l i  used  to  m easure  s t e r e o s c o p i c  a f t e r e f f e c t s  In  
p r e v io u s  e x p e r i m e n t s ) , The c o r r u g a te d  a d a p t in g  s u r f a c e  had a s p a t i a l
_  . . tv ..
c o r r u g a t i o n  t h a t  had to  be in t r o d u c e d  to  n u l l  th e  a f t e r e f f e c t  and make 
t h e  t e s t  s u r f a c e  a p p e a r  f l a t , -  cou ld  t h e r e f o r e  be t a k e n  as  a m easu re  o f  




f re q u e n c y  of 0 .1  c y c l e s  p e r  d e g re e  th ro u g h o u t  th e  e x p e r im e n t .  T h is  ;t'1s p a t i a l  f r e q u e n c y  had been found to  p roduce  a l a r g e  a f t e r e f f e c t  w hich
4
c o u ld  e a s i l y  be m ea su red .
Depth a f t e r e f f e c t s  f o r  b o th  p a r a l l a x  and s t e r e o s c o p i c  d e p th  were 
m easured  u s in g  th e  same p r o c e d u r e .  D uring  an a d a p t in g  p e r io d  o f  
s e v e r a l  seconds  th e  o b s e r v e r  v iew ed th e  c o r r u g a te d  d e p th  s u r f a c e  w h i le  
t r a c k i n g  a moving p o i n t .  T h is  p o i n t  moved from s id e  to  s i d e ,  th ro u g h  
a b o u t '  4 d e g r e e s ,  a lo n g  a  h o r i z o n t a l  l i n e  I n  th e  c e n t r e  o f  th e  s c r e e n ,  
midway betw een a peak  and a t ro u g h  of  t h e  c o r r u g a t i o n  ( F ig u r e  5 . 2 a ) .  
T ra c k in g  p r e v e n te d  th e  b u i ld  up of c o n v e n t io n a l  a f t e r im a g e s  d u r in g  th e  
I n s p e c t i o n  p e r i o d ,  b u t  e n s u re d  t h a t  any r e t i n a l  r e g i o n  was s t i m u l a t e d  
by th e  same d e p th  v a lu e  th r o u g h o u t .  A f t e r  th e  a d a p t in g  p e r i o d ,  th e  
c o r r u g a te d  a d a p t in g  s u r f a c e  was r e p l a c e d  by a p h y s i c a l l y  f l a t  t e s t  
s u r f a c e  which c o n ta in e d  no r e l a t i v e  m otion  o r  d i s p a r i t y  and which would 
t h e r e f o r e  have a p p e a re d  f l a t  to  an u n adap ted  o b s e r v e r .  I n i t i a l  
o b s e r v a t io n s  I n d i c a t e d  t h a t  a f t e r  as  l i t t l e  a s  8 se co n d s  a d a p t a t i o n ,  
t h e  f l a t  t e s t  s u r f a c e  a p p e a re d  to  be c o r r u g a te d  In  d e p th  b u t  w i th  th e  
d i r e c t i o n  o f  th e  c o r r u g a t i o n  o f  o p p o s i t e  s ig n  to  (180 degs o u t  o f  p h a se  ,|
w i t h )  th e  a d a p t in g  c o r r u g a t i o n  ( F ig u r e  5 . 2 b ) .  !
I n  o r d e r  to  m easu re  th e  a f t e r e f f e c t  a n u l l i n g  p r o c e d u re  was u s e d .  |
I t  was found t h a t  t h e  t e s t  s u r f a c e  cou ld  be made to  a p p e a r  f l a t  I f  a  j
p h y s i c a l  d e p th  c o r r u g a t i o n ,  s p e c i f i e d  by r e l a t i v e  m o tion  o r  d i s p a r i t y ,  4
' • ' r'iw i t h  th e  same p h ase  as  th e  a d a p t in g  c o r r u g a t i o n  was I n t r o d u c e d  to  
c a n c e l  th e  d ep th  a f t e r e f f e c t  ( F ig u r e  5 . 2 c ) .  The a m p l i tu d e  o f  th e  d e p th  ^
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F ig u r e  5.2 .
To g e n e r a te  d e p th  a f t e r e f f e c t s ,  t h e  o b s e r v e r  v iew ed  a c o r r u g a te d  
a d a p t in g  s u r f a c e  f o r  s e v e r a l  se co n d s  w h i le  t r a c k i n g  a p o i n t  moving 
a lo n g  a h o r i z o n t a l  l i n e  i n  t h e  c e n t r e  o f  th e  d i s p l a y  ( a ) .
F o l lo w in g  a d a p t a t i o n ,  a f l a t  t e s t  s u r f a c e  a p p e a re d  t o  be c o r r u g a te d  
i n  d e p th  w i t h  t h e  o p p o s i t e  p h a s e  to  t h a t  o f  t h e  a d a p t in g  s u r f a c e
( b ) . The o b s e r v e r  n u l l e d  t h i s  a f t e r e f f e c t  by  " a d d in g  in "  a 
p h y s i c a l  d e p th  c o r r u g a t i o n  t o  t h e  t e s t  s u r f a c e  u n t i l  i t  a p p e a re d  
f l a t . ( c ) .
■ï
an e a s y ,  s t r a i g h t f o r w a r d  t a s k  f o r  th e  o b s e rv e r s  and y i e l d e d  a h ig h ■’Il e v e l  of c o n s i s t e n c y .  The n u l l i n g  p ro c e d u re  a l lo w e d  th e  a f t e r e f f e c t  to  I
'■4be measured q u i c k l y  and e a s i l y  i n  b r i e f  t e s t  p e r i o d s .  An a l t e r n a t i v e  
p ro c e d u r e  would have  been  a  m a tc h in g  t a s k  a l th o u g h  t h i s  would have been 
r a t h e r  more d i f f i c u l t  f o r  th e  o b s e r v e r .  M oreover, a t e m p o ra l  m a tc h in g  
p ro c e d u r e  would have r e q u i r e d  a l o n g e r  t e s t  p e r i o d ,  w hereas  a s p a t i a l  
m a tc h in g  p ro c e d u r e  would have r e q u i r e d  th e  use  o f  a c o r r u g a te d  a d a p t in g  
s u r f a c e  of a r e l a t i v e l y  h ig h  s p a t i a l  f re q u e n c y .
A lthough  d e p th  a f t e r e f f e c t s  f o r  b o th  p a r a l l a x  and s t e r e o s c o p i c  
d e p th  were o b se rv e d  a f t e r  o n ly  a few seconds  o f  a d a p t a t i o n ,  i n  o r d e r  to  
m easu re  th e  s t r e n g t h  o f  t h e  a f t e r e f f e c t ,  a to p p in g -u p  p ro c e d u re  was 
u s e d .  Over a  p e r io d  of two m in u te s ,  o b s e rv e r s  were p r e s e n t e d  w i th
c o n t in u o u s  c y c l e s  of an 8 second p r e s e n t a t i o n  of t h e  a d a p t in g  s u r f a c e ,
fo l lo w e d  by a 1 second g l im p se  o f  th e  t e s t  s u r f a c e .  D uring  each  t e s t
p e r i o d ,  o b s e r v e r s  were r e q u i r e d  to  o b s e rv e  t h e  a p p e a ra n c e  o f  t h e  t e s t  
s u r f a c e  and to  judge w h e th e r  i t  appeared  to  be c o r r u g a te d  i n  d e p th .
They were th e n  r e q u i r e d  to  a d j u s t  a  p o t e n t i o m e t e r ,  w hich  c o n t r o l l e d  t h e  
a m p l i tu d e  o f  th e  d e p th  c o r r u g a t i o n  p r e s e n t  in  t h e  t e s t  s u r f a c e ,  u n t i l  
t h e  t e s t  s u r f a c e  a p p e a re d  to  be f l a t .  In  th e  c a se  o f  t h e  p a r a l l a x  
d i s p l a y ,  th e  s i g n a l  from th e  p o t e n t io m e te r  a l t e r e d  th e  g a in  of th e  
d i s t o r t i o n  s i g n a l ,  w h i le  i n  t h e  s t e r e o s c o p i c  d i s p l a y  i t  a l t e r e d  th e  
a m p l i tu d e  o f  t h e  d i s p a r i t y  s i g n a l ,  th u s  v a ry in g  t h e  o v e r a l l  amount of 
r e l a t i v e  movement o r  d i s p a r i t y  i n  t h e  t e s t  s u r f a c e .  T h is  m a n ip u la t io n  
d id  n o t  a f f e c t  th e  amount of r e l a t i v e  movement o r  d i s p a r i t y  i n  th e  
a d a p t i n g  s u r f a c e ,  which rem ained  c o n s t a n t .
D uring th e  two m in u te  t r i a l  o b s e r v e r s  a d j u s t e d  th e  p h y s i c a l  
d e p th  i n  th e  t e s t  s u r f a c e  so t h a t  by th e  end o f  t h e  t r i a l  t h e  t e s t
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p a t t e r n  looked  a s  f l a t  as  p o s s i b l e .  The amount of  r e l a t i v e  movement,j'
f o r  th e  p a r a l l a x  d i s p l a y ,  o r  th e  amount of d i s p a r i t y ,  f o r  t h e  s t e r e o  
d i s p l a y ,  t h a t  t h e  o b s e r v e r  had in t r o d u c e d  i n t o  th e  t e s t  s u r f a c e  to  
c a n c e l  t h e  a f t e r e f f e c t  was th e n  r e c o r d e d .  T h is  was e x p re s s e d  i n  u n i t s  
o f  e q u i v a l e n t  d i s p a r i t y  f o r  p a r a l l a x ,  o r  d i s p a r i t y  f o r  s t e r e o ,  and th e  
p e r c e n ta g e  s t r e n g t h  o f  th e  a f t e r e f f e c t  was a l s o  d e te r m in e d .  T ha t i s ,  
t h e  amount of d i s p a r i t y  i n  th e  t e s t  s u r f a c e  a t  t h e  n u l l  s e t t i n g  was 
a l s o  e x p re s s e d  as  a  p e r c e n ta g e  o f  th e  amount o f  d i s p a r i t y  i n  t h e
'f.a d a p t in g  s u r f a c e .  |i
S ix  s u b j e c t s  to o k  p a r t  i n  th e  i n i t i a l  e x p e r im e n t ,  f o u r  o f  whom 
were  n a iv e  as  to  t h e  p u rp o se  o f  t h e  e x p e r im e n t .  Depth a f t e r e f f e c t s  
were m easured f o l l o w i n g  i n s p e c t i o n  of bo th  p a r a l l a x  and s t e r e o s c o p i c  
s u r f a c e s .  I n  b o th  c a s e s  t h e  s p a t i a l  f re q u e n c y  of th e  a d a p t in g  
c o r r u g a t i o n  was 0 .1  c y c /d e g  and th e  amount of peak to  t ro u g h  d e p th  i n  
t h e  p a r a l l a x  c o r r u g a t i o n  wa,s e q u i v a l e n t  to  4 ,75  min a r c  d i s p a r i t y ,  
w h i l e  t h e  peak to  t ro u g h  d e p th  in  th e  s t e r e o  c o r r u g a t i o n  was 10 min 
a r c .  Each o b s e r v e r  made f o u r  s e t t i n g s  f o r  bo th  p a r a l l a x  and s t e r e o ,  
w i t h  an i n t e r v a l  o f  a t  l e a s t  f i f t e e n  m inu tes  be tw een each  s f e t t in g  so 
t h a t  any a f t e r e f f e c t  from  th e  p r e v io u s  t r i a l  had d i s s i p a t e d .  The mean 
v a lu e  o f  t h e s e  s e t t i n g s  was t a k e n  as  a m easure  o f  th e  s t r e n g t h  o f  th e  
a f t e r e f f e c t  f o r  each  s u b j e c t .  II4JI n  a d d i t i o n ,  two s u b j e c t s  r e p e a te d  th e  m easurem ents  f o r  s e v e r a l  
d i f f e r e n t  a d a p t i n g  d i s p a r i t i e s .  E q u iv a le n t  d i s p a r i t i e s  o f  2 .2 5 ,  4 .7 5  
and 9 min a r c  were u sed  f o r  t h e  p a r a l l a x  d i s p l a y  and f i v e  s e t t i n g s  were 
made a t  each  d i s p a r i t y .  F o r  t h e  s t e r e o  d i s p l a y ,  a d a p t in g  d i s p a r i t i e s  
o f  2 . 5 ,  5 , 10 and 20 min a r c  were used  and two s e t t i n g s  w ere  %iade a t




S tro n g  n e g a t i v e  d e p th  a f t e r e f f e c t s  o c c u r r e d  a f t e r  p ro lo n g e d  
v ie w in g  o f  d e p th  s u r f a c e s .  They o c c u r r e d  bo th  when d e p th  was s p e c i f i e d  
by m o tio n  p a r a l l a x  i n f o r m a t io n  and when i t  was s p e c i f i e d  by b i n o c u l a r  
d i s p a r i t i e s .  I n  p r e l i m i n a r y  e x p e r im e n t s ,  a f t e r e f f e c t s  were found a f t e r  
v ie w in g  c o r r u g a te d  a d a p t in g  s u r f a c e s  o v e r  a wide r a n g e  o f  d e p th  s p a t i a l  
f r e q u e n c i e s  and d i s p a r i t i e s .  I n  a l l  c a s e s ,  f o l lo w in g  a d a p t a t i o n  to  a 
c o r r u g a t e d  d e p th  s u r f a c e ,  a  s u b s e q u e n t ly  v iew ed , p h y s i c a l l y  f l a t  t e s t  
s u r f a c e ,  a p p e a re d  t o  be c o r r u g a te d  i n  d e p th  bu t  w i th  t h e  c o r r u g a t i o n s  
o p p o s i t e  i n  s ig n  to  (180deg o u t  o f  phase  w i th )  t h o s e  of  th e  a d a p t in g  
s u r f a c e .  The b u i ld - u p  of t h e  a f t e r e f f e c t  was r a p i d ,  w i t h  a n o t i c e a b l e  
e f f e c t  b e in g  p r e s e n t  a f t e r  a s i n g l e  a d a p t in g  p e r i o d  of o n ly  8 s e c o n d s .  
The a f t e r e f f e c t  was f u l l y  d e v e lo p e d  a f t e r  two m in u te s  of a d a p t a t i o n  
a n d ,  i n  t h e  t e s t  p h a s e ,  i t s  s t r e n g t h  d e c l in e d  r a p i d l y  so t h a t  i t  was 
m ark e d ly  reduced  a f t e r  v iew ing  a f l a t  t e s t  s u r f a c e  f o r  s e v e r a l  s e c o n d s .
An im p o r ta n t  o b s e r v a t io n  was t h a t  th e  a f t e r e f f e c t s  c o u ld  be 
p ro d u ced  by p ro longed  v iew in g  o f  m o tio n  p a r a l l a x  d e p th  s u r f a c e s ,  b o th  
when th e  o b s e rv e r  moved from s i d e  to  s id e  w h i le  v iew in g  th e  t e s t  
s u r f a c e ,  and, when th e  o b s e r v e r  rem ained  s t a t i o n a r y  d u r in g  th e  t e s t  
p e r i o d .  I t  was, o f  c o u r s e ,  n o t  p o s s i b l e  to  n u l l  t h e  a f t e r e f f e c t  i n  th e  
l a t t e r  c a se  and so a c o m par ison  betw een  th e  s t r e n g t h s  o f  t h e  e f f e c t s  i n  
each  c a s e  co u ld  n o t  be made. S u b j e c t i v e l y ,  how ever, t h e r e  d id  n o t  
a p p e a r  to  be any d i f f e r e n c e  i n  th e  s i z e  o r  t h e  s a l i e n c y  o f  th e  
a f t e r e f f e c t  when th e  o b s e rv e r  rem ained  s t a t i o n a r y  d u r in g  th e  t e s t  
p e r i o d .
I n  t h e  main p a r t  of t h e  e x p e r im e n t ,  o b s e r v e r s  were r e q u i r e d  to
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n u l l  o r  c a n c e l  t h e  a f t e r e f f e c t  by v a ry in g  th e  a m p l i tu d e  of  th e  d e p th  
c o r r u g a t i o n  p r e s e n t  i n  th e  t e s t  s u r f a c e .  I n  g e n e r a l ,  o b s e r v e r s  found  
t h i s  t a s k  s t r a i g h t f o r w a r d  and had no d i f f i c u l t y  i n  a d j u s t i n g  t h e  d e p th  
i n  t h e  t e s t  s u r f a c e  to  f i n d  a p o i n t  where i t  a p p e a re d  f l a t .  They 
r a r e l y  r e q u i r e d  more th a n  th e  two m in u te  p e r io d  to  r e a c h  a s a t i s f a c t o r y  
s e t t i n g .  When th e  mean o f  t h e s e  n u l l  s e t t i n g s  was ta k e n  a s  a m easu re  
o f  t h e  s t r e n g t h  o f  t h e  a f t e r e f f e c t ,  i t  was found t h a t  t h e r e  were l a r g e  
a f t e r e f f e c t s  f o r  a l l  s u b j e c t s  f o r  m o tion  p a r a l l a x  d e p th  s u r f a c e s .  The 
s t r e n g t h s  o f  t h e s e  a f t e r e f f e c t s  w ere  com parab le  to  t h o s e  found f o r  
s t e r e o s c o p i c  s u r f a c e s .
The s t r e n g t h s  o f  t h e  m o tion  p a r a l l a x  a f t e r e f f e c t s  a r e  shown i n  
F ig u r e  5 . 3 .  On t h e  l e f t ,  t h e  amount of peak to  t ro u g h  r e l a t i v e  m o tio n  
i n  th e  t e s t  s u r f a c e  a t  th e  n u l l  p o i n t ,  i s  e x p re s s e d  i n  u n i t s  o f  se c  a r c  
e q u i v a l e n t  d i s p a r i t y  and p l o t t e d  as a f u n c t i o n  o f  th e  peak  to  t ro u g h  
e q u i v a l e n t  d i s p a r i t y  of th e  a d a p t in g  s u r f a c e .  The f i l l e d  l i n e s  show 
i n d i v i d u a l  d a t a  f o r  two o b s e r v e r s  and th e  diamond i n d i c a t e s  t h e  mean 
s t r e n g t h  of t h e  a f t e r e f f e c t  f o r  s i x  o b s e r v e r s ,  a f t e r  a d a p t in g  to  a 
s u r f a c e  c o n t a i n i n g  4 .7 5  min a r c  e q u iv a l e n t  d i s p a r i t y .  F o r  an a d a p t in g  
s u r f a c e  o f  t h i s  d i s p a r i t y ,  l a r g e  a f t e r e f f e c t s  w ere  o b ta in e d  w here th e  
mean amount o f  e q u i v a l e n t  d i s p a r i t y  needed  to  c a n c e l  th e  a f t e r e f f e c t ,  
was a b o u t  1 .8  min a r c .  On th e  r i g h t  of  th e  f i g u r e ,  t h e  amount o f  
e q u i v a l e n t  d i s p a r i t y  needed  to  n u l l  t h e  a f t e r e f f e c t  i s  e x p re s s e d  as  a 
p e r c e n ta g e  o f  th e  e q u i v a l e n t  d i s p a r i t y  o f  th e  a d a p t in g  s u r f a c e .  When 
e x p re s s e d  i n  t h i s  way, i t  can  be se en  t h a t  th e  mean a f t e r e f f e c t  was 
j u s t  o v e r  40%. Between o b s e r v e r s  th e  s t r e n g t h  o f  th e  a f t e r e f f e c t  
ranged  from 35% t o  48%. Looking  a t  th e  i n d i v i d u a l  s u b j e c t  d a t a  i t  i s  
a p p a r e n t  t h a t ,  a s  th e  peak to  t ro u g h  r e l a t i v e  m o tio n  ( e q u i v a l e n t  
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$d e p th  t h a t  had to  be added I n  to  th e  t e s t  s u r f a c e  a l s o  I n c r e a s e d  p
( F ig u r e  5 . 3 a ) .  However, i n  p e r c e n ta g e  t e r m s ,  t h e  s t r e n g t h  o f  th e  f
a f t e r e f f e c t  d e c r e a s e d  w i th  i n c r e a s i n g  e q u i v a l e n t  a d a p t in g  d i s p a r i t y  |
( F ig u r e  5 .3 b ) .
1 )  A f t e r e f f e c t s  f o r  m otion  p a r a l l a x  d e p th
The r e s u l t s  found in  th e  p r e s e n t  e x p e r im e n t  c l e a r l y  d e m o n s t ra te  
t h a t  l a r g e  d e p th  a f t e r e f f e c t s  can be p roduced  a f t e r  i n s p e c t i o n  o f  d e p th  
s u r f a c e s ,  where m o tio n  p a r a l l a x  i s  th e  o n ly  so u rc e  o f  d ep th  
i n f o r m a t i o n .  They, t h e r e f o r e ,  p r o v id e  t h e  f i r s t  d e m o n s t r a t io n  t h a t  a 
t r u e  d e p th  a f t e r e f f e c t  can be produced  u s in g  a d e p th  so u rc e  o t h e r  th a n
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The c o m par ison  d a ta  m easured  f o r  s t e r e o s c o p i c  d ep th  a r e  shown i n  3
F i g u r e  5 .4  and a s i m i l a r  p a t t e r n  of r e s u l t s  i s  o b s e rv e d .  The mean 
s t r e n g t h  of th e  a f t e r e f f e c t  f o r  s i x  s u b j e c t s ,  shown by th e  diam ond, was 
a ro u n d  5 min a r c  f o r  a  10 min a r c  a d a p t in g  d i s p a r i t y ,  t h a t  i s ,  5 min 
a r c  of d i s p a r i t y  had to  be added i n  to  th e  t e s t  s u r f a c e  to  c a n c e l  th e  
a f t e r e f f e c t .  On th e  r i g h t  th e  d a ta  a r e  p l o t t e d  i n  p e rc e n ta g e  te rm s  and 
t h e  mean s t r e n g t h  o f  t h e  a f t e r e f f e c t  i s  a b o u t  50%. There  was q u i t e  a 
l a r g e  v a r i a t i o n  i n  t h e  s i z e  o f  th e  a f t e r e f f e c t  among i n d i v i d u a l  
o b s e r v e r s ,  so t h a t  t h e  s t r e n g t h  v a r i e d  from 40 to  75% a c r o s s  o b s e r v e r s .
Looking  a t  t h e  d a t a  f o r  two e x p e r ie n c e d  o b s e r v e r s ,  i n  a b s o l u t e  term s 
t h e  amount of d i s p a r i t y  needed  to  c a n c e l  th e  a f t e r e f f e c t  i n c r e a s e d  w ith  
t h e  d i s p a r i t y  o f  th e  a d a p t in g  s u r f a c e ,  ( F ig u r e  5 . 4 a ) ,  b u t  th e  %
p e r c e n ta g e  e f f e c t  d e c re a s e d  w i th  i n c r e a s i n g  a d a p t in g  d i s p a r i t y  ( F ig u r e  
5 . 4 b ) .
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s t e r e o p s i s  (Graham and R o g e rs ,  1 9 8 2 a ) .  By an a lo g y  w i th  a rgum en ts  made 
f o r  o t h e r  v i s u a l  d im e n s io n s  (B lakem ore  and S u t to n ,  1969; M o llo n ,  1974; ' 0
F r i s b y ,  1979) t h e  r e s u l t s  found h e r e  s u g g e s t  t h a t  t h e r e  a r e  s p e c i f i c  
m echanism s f o r  p r o c e s s in g  m otion  p a r a l l a x  i n f o r m a t io n  w i t h i n  th e  human s |
v i s u a l  sy s tem  and t h a t  th e s e  m echanism s can  be a d a p te d .  The p a r a l l a x  
d e p th  a f t e r e f f e c t  i s  a n e g a t i v e  a f t e r e f f e c t  s i n c e  th e  phase  of th e  
a p p a r e n t  c o r r u g a t i o n  i n  th e  t e s t  s u r f a c e  i s  o p p o s i t e ,  o r  com plem entary  | |
t o ,  t h e  p h a s e  of t h e  a d a p t in g  c o r r u g a t i o n .  The a f t e r e f f e c t  i s  a l s o  
p h a s e - s p e c i f i c .  When th e  o b s e r v e r  i s  asked  to  s c an  th e  d e p th  s u r f a c e  
d u r in g  th e  a d a p t i n g  p e r i o d ,  r a t h e r  th a n  t r a c k  th e  h o r i z o n t a l l y  moving 
s p o t ,  no a f t e r e f f e c t  i s  p ro d u c e d .  The a f t e r e f f e c t  t h e r e f o r e  r e q u i r e s  
any  p a r t i c u l a r  r e g io n  of th e  r e t i n a  to  be s t i m u la t e d  by a n  a r e a  a t  th e  
same d e p th  v a lu e  th ro u g h o u t  th e  a d a p t i n g  p e r i o d .
I t  h a s  been  assum ed, i n  r e c e n t  t h e o r i e s  of v i s u a l  p r o c e s s i n g ,  
t h a t  d i f f e r e n t  s e n s o r y  a t t r i b u t e s ,  such  as c o lo u r ,  movement, s p a t i a l  
f r e q u e n c y  and d i s p a r i t y ,  a r e  i n i t i a l l y  p r o c e s s e d  r e l a t i v e l y  
i n d e p e n d e n t l y .  W ith in  each o f  t h e s e  d im e n s io n s ,  p r o c e s s in g  i n v o lv e s  a 
number o f  s e p a r a t e  "channels '*  w hich a r e  tuned  to  d i f f e r e n t  b u t  
o v e r l a p p in g  r a n g e s  o f  s t im u lu s  v a lu e s  a lo n g  t h a t  d im e n s io n .  The 
p e r c e iv e d  v a lu e  a t  any tim e i s  th o u g h t  to  depend e i t h e r  on th e  
p a r t i c u l a r  c h a n n e l  g iv in g  th e  maximum re s p o n s e  o r ,  more l i k e l y ,  on th e  ^
o v e r a l l  r e s p o n s e  d i s t r i b u t i o n  among th e  d i f f e r e n t  c h a n n e l s .  (For 
ex a m p le ,  s e e  t h e  t h e o r i e s  o u t l i n e d  by C o l t h e a r t ,  1971; B ra d d ic k  e t  a l . ,
1978; F r i s b y ,  1979; M a rr ,  1 9 8 2 .)  P ro lo n g e d  s t i m u l a t i o n  by a p a r t i c u l a r  
s t i m u lu s  v a lu e  a lo n g  a s e n s o r y  d im e n s io n ,  i s  th o u g h t  to  p ro d u ce  some 
r e d u c t i o n  o f  r e s p o n s e  which i s  te rm ed  a d a p t a t i o n .  T h is  r e d u c t i o n  
a f f e c t s  o n ly  c h a n n e ls  r e s p o n d in g  to  th e  p a r t i c u l a r  s t i m u lu s  v a lu e  and ^
hen ce  a l t e r s  t h e  s u b s e q u e n t  r e s p o n s e  d i s t r i b u t i o n  o f .  c h a n n e l s  w i t h i n
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It h a t  s e n s o r y  d im e n s io n  ( F ig u r e  5 . 5 a ) .  T h is  model p r e d i c t s  t h a t ,  
f o l l o w i n g  a d a p t a t i o n ,  s e v e r a l  p e r c e p tu a l  changes s h o u ld  be e x p e c te d  to  
o c c u r .  F i r s t l y ,  t h e  s t r e n g t h  of th e  p e r c e p t u a l  s e n s a t io n  s h o u ld  
d e c l i n e  d u r in g  a d a p t a t i o n ,  and s e c o n d ly ,  a f t e r  a d a p t a t i o n ,  t h r e s h o l d s  
f o r  s t i m u l i  h a n d le d  by th e  a d a p te d  c h a n n e ls  s h o u ld  be h ig h e r  th a n  in  
t h e  unad ap ted  s t a t e .  F i n a l l y ,  as i l l u s t r a t e d  i n  F ig u re  5 .5 a ,  t h e  
p e r c e iv e d  v a lu e s  o f  s t i m u l i  w i t h i n  th e  same d im e n s io n  and c lo s e  to  t h e  I
a d a p t i n g  s t i m u lu s  sh o u ld  be s h i f t e d  o r  d i s p l a c e d  a lo n g  t h a t  d im e n s io n ,  
away from  t h e i r  t r u e  v a lu e s  (B lakem ore and S u t to n  1969; Anst i s , 1 9 7 5 ) .
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N e g a t iv e  a f t e r e f f e c t s ,  such as  th o se  t h a t  o c c u r  f o r  c o lo u r  and 
m o t io n ,  w h e re ,  a f t e r  a d a p t a t i o n ,  a n e u t r a l  s t im u lu s  a p p e a rs  to  have  
com plem entary  c h a r a c t e r i s t i c s  to  th o s e  of t h e  a d a p t in g  s t i m u lu s ,  a r e  
th o u g h t  to  a r i s e  from an " o p p o n e n t" o r g a n i s a t i o n  betw een c h a n n e l s .  I t  
i s  assumed t h a t  th e  c h a n n e ls  a r e  o rg a n is e d  i n  opponen t p a i r s  and t h a t  
t h e  p e rc e iv e d  a t t r i b u t e  depends on th e  b a la n c e  of a c t i v i t y  betw een th e  
two c h a n n e l s . A d a p ta t io n  i s  th o u g h t  to  u p s e t  t h e  b a la n c e  betw een  th e  
p a i r e d  c h a n n e l s ,  th ro u g h  f a t i g u e  o r  i n h i b i t i o n ,  so t h a t  a  com plem entary  
p e r c e p t  a r i s e s  when a n e u t r a l  s t im u lu s  i s  s u b s e q u e n t ly  p r e s e n t e d  
( S u t h e r l a n d ,  1961; F a v rea u  and C o r b a l l i s ,  1 9 7 6 ) .  More r e c e n t l y ,  th e  
n e g a t i v e  movement a f t e r e f f e c t  has a l s o  been a t t r i b u t e d  t o  a change i n  
t h e  o v e r a l l  r e s p o n s e  d i s t r i b u t i o n  of c h a n n e ls  tuned  to  d i f f e r e n t 1
d i r e c t i o n s  o f  movement, w i th o u t  need ing  to  p o s t u l a t e  an o p ponen t  |
o r g a n i s a t i o n  of t h e s e  c h a n n e ls  (M ather  and M oulden, ,1980; L e v in so n  and 
S e k u l e r ,  1 9 8 0 ) .  In  t h i s  m odel,  t h e  p e rc e iv e d  d i r e c t i o n  o f  m o tion  o f  a  :j|
s t i m u l u s  depends on th e  w e ig h te d  mean r e s p o n s e  among c h a n n e ls  b r o a d l y  
tu n ed  to  d i f f e r e n t  d i r e c t i o n s  o f  m o tio n .  F o l lo w in g  a d a p t a t i o n  to  one I
d i r e c t i o n  th e  r e s p o n s e  to  t h i s  and n e ig h b o u r in g  d i r e c t i o n s  i s  r e d u c e d  











F ig u re  5 , 5 .
(a)The upper  row o f  g ra p h s  r e p r e s e n t  t h e  s e n s i t i v i t i e s  o f  a s e t  o f  
o v e r l a p p in g  c h a n n e l s  a lo n g  a s e n s o r y  d im e n s io n .  The low er  s e t  o f  
g rap h s  r e p r e s e n t  t h e  d i s t r i b u t i o n  o f  a c t i v i t y  i n  t h e s e  c h a n n e ls  
produced  by t h e  s t i m u lu s  v a lu e  i n d i c a t e d  by th e  a rro w , A p o i n t  on 
th e  a b s c i s s a  c o r r e s p o n d s  t o  t h e  c h a n n e l  c e n t r e d  on a p a r t i c u l a r  v a l u e  
a lo n g  th e  s t i m u lu s  d im e n s io n .  The l e f t  p a n e l  shows t h e  r e s p o n s e  o f  
t h e  sy s tem  i n  ai u n a d a p te d  s t a t e  where t h e  p e r c e iv e d  v a lu e  i s  assumed 
t o  be t h a t  o f  t h e  m ost a c t i v e  c h a n n e l .  The c e n t r e  p a n e l  shows 
th e  e f f e c t  o f  a d a p t i n g  th e  sy s tem  t o a h i g h e r  s t i m u lu s  v a l u e .  The 
a d a p t a t i o n  i s  assumed t o  d e p r e s s  th e  s e n s i t i v i t y  o f  each  c h a n n e l  by 
an  amount d e p e n d in g  on how s t r o n g l y  i t  i s  s t i m u l a t e d .  On t h e  r i g h t  
t h e  r e s p o n s e  o f  t h e  sy s tem  to  t h e  o r i g i n a l  s t im u lu s  v a lu e  i s  shown 
a f t e r  a d a p t a t i o n .  The d i s t r i b u t i o n  o f  a c t i v i t y  i s  skewed s in c e  
c h a n n e ls  c e n t r e d  a t  h i g h e r  s t i m u lu s  v a lu e s  a r e  more a d a p te d  th a n  
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d i r e c t i o n  o p p o s i t e  to  t h e  a d a p t in g  d i r e c t i o n  ( se e  F ig u r e  5 . 5 b ) .  1l
A lthough  t h i s  model can be a p p l i e d  to  movement a f t e r e f f e c t s  i t  i s  no t  
a p p r o p r i a t e  f o r  o t h e r  k in d s  o f  n e g a t i v e  a f t e r e f f e c t .  I n  t h e  c a se  of 
c o l o u r ,  f o r  exam p le ,  t h e  d i f f e r e n t  c o l o r  c h a n n e ls  re spond  to  d i f f e r e n t  
r a n g e s  of  w a v e le n g th  v a r y in g  from low to  h i g h .  A w e ig h te d  a v e ra g e  
among t h e s e  c h a n n e l s  a f t e r  a d a p t a t i o n  would n o t  p roduce  a r e s p o n s e  o f  
t h e  com plem entary  c o lo u r  , to  th e  a d a p t in g  s t i m u lu s .  Fo r  c o lo u r  
t h e r e f o r e  an  opponen t o r g a n i s a t i o n  a t  a  h ig h e r  l e v e l  m ust be p o s t u l a t e d  
t o  e x p l a i n  n e g a t i v e  c o lo u r  a f t e r e f f e c t s .
W ith in  t h i s  g e n e r a l  t h e o r e t i c a l  fram ework, th e  p r e s e n c e  o f  l a r g e  
n e g a t i v e  a f t e r e f f e c t s  f o r  d e p th  s u r f a c e s  s p e c i f i e d  by m otion  p a r a l l a x  
i n f o r m a t i o n ,  l e a d s  to  th e  q u e s t i o n  of th e  type  o f  p e r c e p t u a l  c h a n n e l  o r  
mechanism  r e s p o n s i b l e  f o r  t h e  p a r a l l a x  a f t e r e f f e c t .  T here  a r e  s e v e r a l  
p o s s i b l e  l e v e l s  a t  w hich th e  a f t e r e f f e c t  m ight a r i s e .  The f i r s t  
h y p o t h e s i s  m igh t  be t h a t  t h e  p a r a l l a x  d e p th  a f t e r e f f e c t  i s  a  r e s u l t  o f  
a d a p t a t i o n  w i t h i n  movement p r o c e s s in g  m echanism s. There  i s  some w e l l  
e s t a b l i s h e d  p h y s i o l o g i c a l  and p s y c h o p h y s ic a l  e v id e n c e  t h a t '  v e l o c i t y -  
s e n s i t i v e  mechanism s e x i s t  i n  th e  v i s u a l  sys tem  ( S e k u l e r ,  1975; 
R i c h a r d s ,  1 9 7 1 b ) ,  and t h a t  t h e s e  mechanisms a r e  d i r e c t i o n a l l y  s e l e c t i v e  
s i n c e  th e y  p ro d u ce  d i r e c t i o n  s p e c i f i c  a f t e r e f f e c t s . ( S e k u le r  and Ganz, %
1963; P a n t l e  and S e k u l e r ,  1969; Movshon, 1975). I t  i s  q u i t e  c l e a r ,  
h ow ever ,  t h a t  th e  p r e s e n t  d e p th  a f t e r e f f e c t  does n o t  r e s u l t  from 
a d a p t a t i o n  a t  t h i s  l e v e l .  T h is  i s  b e c au se  each r e g io n  of  t h e  r e t i n a  i s  
s t i m u l a t e d  by o p p o s i t e  d i r e c t i o n s  of m otion  as  th e  o b s e r v e r  moves from 
s i d e  to  s i d e  w h i le  v ie w in g  th e  a d a p t in g  s u r f a c e .  Hence, t h e r e  ca n n o t  
be any r e s u l t a n t  movement a f t e r e f f e c t  a t  any i n d i v i d u a l  p o i n t .  A 
second  p o s s i b i l i t y  i s  t h a t  th e  a f t e r e f f e c t  i s  an example o f  a 
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1965) have  been  d e m o n s t ra te d  f o r  movement and c o l o u r  (Mayhew and fe
A n s t iS j  1972) and f o r  movement and d i s p a r i t y  ( A n s t i s  and H a r r i s ,  1 9 7 4 ) .
A movement a f t e r e f f e c t  c o n t in g e n t  on th e  d i r e c t i o n  o f  t h e  o b s e r v e r " s
g a z e  h a s  a l s o  been  found by Mayhew (1 9 7 3 ) .  A p o s s i b l e  h y p o t h e s i s ,
t h e r e f o r e ,  i s  t h a t  t h e  p a r a l l a x  d e p th  a f t e r e f f e c t  i s  an  exam ple o f  a
movement a f t e r e f f e c t  c o n t i n g e n t  on th e  d i r e c t i o n  o f  o b s e r v e r  m o t io n ,
s i n c e ,  f o r  any r e t i n a l  r e g i o n ,  t h e  d i r e c t i o n  of m o tion  depends  on th e
d i r e c t i o n  i n  which th e  o b s e r v e r  i s  moving. T h is  p o s s i b i l i t y  can be
r u l e d  o u t ,  how ever ,  by t h e  o b s e r v a t i o n  t h a t  th e  a f t e r e f f e c t  i s  s t i l l
p r e s e n t  when th e  o b s e r v e r  rem a ins  s t a t i o n a r y  w h i le  v ie w in g  t h e  t e s t
s u r f a c e .
So f a r ,  i t  has  been assumed t h a t  th e  m otion  o f  each  i n d i v i d u a l  
p a r t  o f  t h e  v i s u a l  f i e l d  i s  i n i t i a l l y  p r o c e s s e d  i n d e p e n d e n t l y .
However, many o f  t h e  m a th e m a t ic a l  a n a ly s e s  d e s c r ib e d  i n  t h e  second  
c h a p t e r  have  s u g g e s te d  t h a t  mechanisms which r e sp o n d e d  to  r e l a t i v e  
movement be tw een  n e ig h b o u r in g  p a r t s  of t h e  v i s u a l  f i e l d ,  would be more |
a p p r o p r i a t e  m echanism s f o r  e x t r a c t i n g  d e p th  from m o tio n  (L o n g u e t-  ÿ
H ig g in s  and P ra z d n y ,  1980; C lo c k s in ,  1980b ) .  P h y s i o l o g i c a l  e v id e n c e  *
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f o r  th e  e x i s t e n c e  of n e u ro n s  s e n s i t i v e  to  r e l a t i v e  m o tio n  w i t h i n  t h e i r  *
Ir e c e p t i v e  f i e l d  has  now been e s t a b l i s h e d  (B u rn s ,  G assanov and Webb, wJ
1972; F r o s t ,  1978; F r o s t  e t  a l . ,  1981; Allman e t  a l . ,  1982) and i t  i s
p o s s i b l e  t h a t  such  mechanisms a r e  b e in g  a d a p te d  h e r e .  However, a s  th e
fo rm a l  m odels  p o i n t  o u t ,  i n  o r d e r  to  p e r c e iv e  an unam biguous d e p th  
s u r f a c e  from m o tio n  p a r a l l a x  i n f o r m a t io n ,  th e  p a t t e r n  o f  r e l a t i v e  
m o tio n  h a s  to  be i n t e r p r e t e d  in  te rm s  o f  th e  o v e r a l l  d i r e c t i o n  o f  ,
t r a n s l a t i o n .  T h is  i s  b e c a u s e ,  w i t h i n  a l i m i t e d  r e t i n a l  a r e a ,  th e  same |
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p hase  accom panied by t r a n s l a t i o n  i n  one d i r e c t i o n  o r  by a c o r r u g a te d  
s u r f a c e  o f  th e  o p p o s i t e  p h ase  accompanied by t r a n s l a t i o n  i n  th e  
o p p o s i t e  d i r e c t i o n .  D is a m b ig u a t in g  in f o r m a t io n  abou t th e  d i r e c t i o n  of 
t r a n s l a t i o n  ' may be o b t a i n e d  from e x t r a - r e t i n a l  s o u rc e s  such  as  
v e s t i b u l a r  in p u t  ab o u t  eye  o r  head movements. I t  can a l s o  be o b t a in e d  
v i s u a l l y ,  i n  e i t h e r  a c t i v e  o r  p a s s i v e  p a r a l l a x  s i t u a t i o n s ,  from th e  
r e l a t i v e  movement o f  th e  s u r f a c e  w i th  r e s p e c t  to  i t s  b ackg round . I n  
e i t h e r  c a s e ,  s i n c e  an unambiguous d e p th  s u r f a c e  must be p e r c e iv e d  
d u r in g  th e  i n s p e c t i o n  p e r i o d  f o r  a d a p t a t i o n  to  o c c u r ,  th e  p a r a l l a x  
d e p th  a f t e r e f f e c t  d e m o n s t ra te d  h e r e ,  m ust o c c u r  a t  o r  beyond th e  l e v e l  
a t  which th e  m o tion  t r a n s f o r m a t i o n  has  been d isa m b ig u a te d .  That i s ,  
a f t e r  d ep th  i n f o r m a t io n  has  been e x t r a c t e d  from th e  p a t t e r n  of r e l a t i v e  
m o tio n .
i i )  S t e r e o s c o p ic  A f t e r e f f e c t s
The p r e s e n t  s tu d y  a l s o  found s t r o n g ,  n e g a t i v e  d e p th  a f t e r e f f e c t s  
a f t e r  a d a p t a t i o n  to  d e p th  s u r f a c e s  s p e c i f i e d  s t e r e o s c o p i c a l l y ,  and 
t h e s e  s t e r e o s c o p i c  a f t e r e f f e c t s  were s i m i l a r  i n  s i z e  to  th e  
a f t e r e f f e c t s  found a f t e r  i n s p e c t i o n  of  p a r a l l a x  s u r f a c e s  (Graham and 
R o g e rs ,  1 9 8 2 a ) .  A f t e r  i n s p e c t i o n  o f  a s t e r e o s c o p i c  c o r r u g a t i o n ,  a 
s u b s e q u e n t ly  v iew e d ,  f l a t  t e s t  s u r f a c e  a p p eared  to  be c o r r u g a te d  in  
d e p th  w i th  th e  o p p o s i t e  p h a se  to  t h a t  of t h e  a d a p t in g  c o r r u g a t i o n .  The 
s i z e  o f  th e  s t e r e o  a f t e r e f f e c t s  found h e r e ,  were l a r g e ,  th e  s t r e n g t h  of 
t h e  a f t e r e f f e c t  v a r i e d  from 40% to  75% f o r  d i f f e r e n t  c o n d i t i o n s  and 
o b s e r v e r s .  The f i n d i n g  o f  s t e r e o  a f t e r e f f e c t s  c o n f i rm s  th e  r e s u l t s  of 
t h e  p r e v io u s  s t u d i e s  showing t h a t  a d a p t a t i o n  to  b i n o c u l a r  d i s p a r i t y  
p ro d u c e s  n e g a t i v e  a f t e r e f f e c t s .  The a f t e r e f f e c t s  found i n  t h e  p r e s e n t  4
s tu d y  a r e ,  how ever, l a r g e r  t h a n  th o s e  r e p o r t e d  i n  p r e v io u s  s t u d i e s 1
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Àwhere t h e  l a r g e s t  a f t e r e f f e c t  m easured  was a round 25% (Blakem ore and #IJ u l e s z ,  1 9 7 1 ) .  A p o s s i b l e  r e a s o n  f o r  t h i s  d i f f e r e n c e  co u ld  have been |
t h e  u se  o f  c o r r u g a te d  a d a p t in g  s u r f a c e s  which w ere  c o n t in u o u s ly  
m o d u la te d  i n  d e p th .  The a d a p t in g  s t i m u l i  u sed  i n  p r e v i o u s  s t u d i e s  had 
c o n s i s t e d  o f  s q u a re s  s t a n d in g  o u t  i n  d e p th ,  and t h e r e f o r e  c o n ta in e d  
o n ly  two o r  t h r e e  d i f f e r e n t  d i s p a r i t y  v a lu e s .  I n  t h e  lum inance  domain
«
à
i t  has  been  found t h a t  sq u a re  shaped  lum inance  g r a t i n g s  p roduce  weaker 
a f t e r i m a g e s  th a n  s i n u s o i d a l  g r a t i n g s  (G eorgeson  and T u r n e r ,  198 2 ) .  I n  *
t h e  p r e s e n t  e x p e r im e n t ,  in fo r m a l  o b s e r v a t io n s  have  s u g g e s te d  t h a t  
c o n t in u o u s  d e p th  s u r f a c e s  p ro d u ce  more c o m p e l l in g  a f t e r e f f e c t s  th an  
d i s c r e t e  d e p th  p l a n e s .  A no ther  p o s s i b l e  r e a s o n  f o r  t h e  l a r g e  e f f e c t s  
found  i n  t h e  p r e s e n t  s tu d y  i s  t h e  u se  of a " to p p in g - u p "  p ro c e d u r e ,  
w here  c y c l e s  of a d a p t  and t e s t  w ere  used to  m easure  t h e  s t r e n g t h  of th e  
a f t e r e f f e c t .  T h is  p ro c e d u re  a l lo w e d  th e  a f t e r e f f e c t  to  b u i ld  up ove r  
t im e  w i th  l i t t l e  decay  o r  d i s s i p a t i o n  d u r in g  th e  b r i e f  t e s t  p e r i o d .  
P r e l i m i n a r y  d a t a  s u g g e s te d  t h a t  t h e  a f t e r e f f e c t  d e c l i n e d  f a i r l y  r a p i d l y  
o v e r  a  few seconds  and p r e v io u s  s t u d i e s  may have  u n d e r e s t im a te d  th e  
s i z e  o f  t h e  a f t e r e f f e c t  due t o  t h i s  r a p i d  decay .
I n  l i n e  w i th  t h e  r e a s o n in g  o u t l i n e d  ab o v e ,  t h e  s t e r e o s c o p i c  
d e p th  a f t e r e f f e c t s  found i n  p r e v io u s  s t u d i e s  have  been  i n t e r p r e t e d  as  a  
r e s u l t  o f  t h e  a d a p t a t i o n  of d i s p a r i t y  p r o c e s s in g  m echanism s. The 
e x i s t e n c e  o f  d i s p a r i t y  p r o c e s s in g  mechanisms w hich  a r e  tuned  to  
d i f f e r e n t  r a n g e s  of d i s p a r i t y  v a lu e s ,  h a s  been s u g g e s te d  
p s y c h o p h y s i c a l l y  (B lakem ore  and H a g u e ,1972) and found  p h y s i o l o g i c a l l y  
i n  t h e  c a t  and monkey (B arlow , Blakemore and P e t t i g r e w ,  1967; 
P e t t i g r e w ,  1973; Poggio  and F i s c h e r ,  1977) .  I t  h a s  been  assumed t h a t  
t h e  d e p th  a f t e r e f f e c t  a r i s e s  from a s h i f t  i n  th e  r e s p o n s e  d i s t r i b u t i o n  
among c h a n n e ls  tuned  to  d i f f e r e n t  ranges  of  d i s p a r i t y  v a lu e s  in
115
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a c c o rd a n c e  w i th  th e  model d e s c r ib e d  in  F ig u re  5 . 5 a .  For exam ple , 
p ro lo n g e d  v iew in g  o f  a s q u a re  a t  a d i s p a r i t y  of 6 min a r c  i n  f r o n t  o f  a 
b a c k g ro u n d ,  i s  assumed to  a l t e r  th e  su b seq u e n t  r e s p o n s e  d i s t r i b u t i o n  
f o r  a z e ro  d i s p a r i t y  t e s t  s q u a r e ,  so t h a t  i t  i s  p e rc e iv e d  a t  a 
d i s p a r i t y  of p e rh a p s  2 min a r c  beh ind  th e  backg roun d .
The type  o f  model i l l u s t r a t e d  in  F ig u re  5 . 5 a ,  p r e d i c t s  t h a t ,
above a c e r t a i n  sm a l l  v a l u e ,  th e  g r e a t e r  th e  " d i s t a n c e "  betw een  a d a p t  
and t e s t  v a l u e s ,  th e  s m a l l e r  th e  amount o f  p e r c e p tu a l  d i s t o r t i o n .  Such 
a r e l a t i o n s h i p  h a s  in d eed  been  found f o r  th e  o r i e n t a t i o n  and s p a t i a l  
f r e q u e n c y  o f  lum inance  g r a t i n g s  (Ware and M i t c h e l l ,  1974; B lakem ore ,  
Nacbmias and S u t to n ,  1 9 70 ) .  A lthough  such a model seems f e a s i b l e  f o r  
th e  a f t e r e f f e c t s  o b ta in e d  u s in g  d i s c r e t e  d e p th  v a lu e s  i n  th e  a d a p t i n g  
s u r f a c e ,  i t  i s  d i f f i c u l t  to  s e e  bow i t  cou ld  a c c o u n t  f o r  th e  n a t u r e  of 
t h e  n e g a t i v e  a f t e r e f f e c t s  found h e r e .  For exam ple , a d d i t i o n a l  
o b s e r v a t i o n s  showed t h a t  f o r  a c o r r u g a te d  s t e r e o s c o p i c  s u r f a c e ,  where
t h e  t ro u g h  of  t h e  c o r r u g a t i o n  was a t  a d i s p a r i t y  o f  z e ro  min a r c  and
th e  peak a t  10 min a r c ,  a s t r o n g  n e g a t i v e  a f t e r e f f e c t  was o b s e rv e d .  
F o r  a z e ro  d i s p a r i t y  t e s t  s u r f a c e ,  th e  l a r g e s t  s h i f t  i n  p e r c e iv e d  
d i s p a r i t y  o c c u r r e d  f o r  t h e  p a r t  o f  th e  s u r f a c e  which had . c o r re s p o n d e d  
t o  th e  peak of th e  a d a p t in g  s u r f a c e ,  and which a p p eared  a s  a t ro u g h  in  
th e  t e s t  s u r f a c e .  A reas  w hich were a t  a l e s s e r  d i s p a r i t y  i n  th e  
a d a p t i n g  s u r f a c e  were p e r c e iv e d  a t  a l e s s e r  d i s p a r i t y  i n  th e  t e s t ,  t h a t  
i s ,  a r e a s  which o r i g i n a l l y  had a d i s p a r i t y  c lo s e  to  z e ro  showed l e s s  of 
a s h i f t  in  p e r c e iv e d  d i s p a r i t y  than  th o se  which o r i g i n a l l y  had a 
d i s p a r i t y  f a r t h e r  from z e r o .  I t  was a l s o  found t h a t  th e  s t r e n g t h  of 
th e  a f t e r e f f e c t  was g r e a t e r  in  a b s o lu t e  te rm s  f o r  l a r g e r  a d a p t in g  
d i s p a r i t i e s .  Both t h e s e  f i n d i n g s  a r e  c o n t r a r y  to  t h a t  p r e d i c t e d  by th e  
above model which assum es a number of c h a n n e ls  tuned  to  d i f f e r e n t
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r a n g e s  a lo n g  th e  d i s p a r i t y  d im e n s io n .
A no the r  p o s s i b i l i t y  i s  t h a t  th e  n e g a t i v e  a f t e r e f f e c t  r e s u l t s  
from  an opponen t o r g a n i s a t i o n  be tw een  c r o s s e d  and u n c ro sse d  d i s p a r i t y  
c h a n n e l s .  P o o ls  o f  u n c r o s s e d  and c r o s s e d  d i s p a r i t y  u n i t s  have  been  Æ
ip o s t u l a t e d  from o t h e r  s t u d i e s  ( R i c h a r d s ,  1 9 71 ) ,  b u t  as  y e t  t h e r e  i s  no s
p h y s i o l o g i c a l  e v id e n c e  f o r  an  opponen t o r g a n i s a t i o n  betw een them. An 
o pponen t  o r g a n i s a t i o n  o f  t h i s  s o r t  w ou ld ,  how ever, a l s o  have d i f f i c u l t y  
i n  e x p la i n in g  th e  g r e a t e r  d i s t o r t i o n s  found a t  l a r g e r  a d a p t i n g  
d i s p a r i t i e s .  I t  would be n e c e s s a r y  t h a t  th e  opponent o r g a n i s a t i o n  
e x i s t e d  be tw een  c h a n n e ls  t u n e d ,  a t  l e a s t  c r u d e l y ,  to  th e  same ran g e  of 
d i s p a r i t y .  T h is  would e n s u r e  t h a t  a l a r g e r  c ro s s e d  a d a p t in g  d i s p a r i t y  
p roduced  an a f t e r e f f e c t  a t  a l a r g e r  u n c ro s s e d  d i s p a r i t y .
A no the r  in fo r m a l  o b s e r v a t i o n ,  i n d i c a t e s  t h a t  an em phasis  on th e  
m a g n i tu d e s  o f  th e  d i s p a r i t y  v a lu e s  i n  th e  a d a p t in g  and t e s t  s u r f a c e  
m ig h t  be m is le a d in g  i n  any a t t e m p t  to  e x p la i n  th e  s t e r e o  a f t e r e f f e c t .  
I n  th e  e x p e r im e n t  d e s c r i b e d  ab o v e ,  t h e  a d a p t in g  s u r f a c e  was d i s p l a y e d  
so t h a t  t h e  f i x a t i o n  l i n e  l a y  i n  t h e  p la n e  of th e  s c r e e n  a t  z e ro  
d i s p a r i t y .  A peak and a  t ro u g h  o f  th e  c o r r u g a t i o n  were t h e r e f o r e  a t  
c r o s s e d  and u n c ro s s e d  d i s p a r i t i e s ,  r e s p e c t i v e l y ,  o f  th e  same am ount. 
The t e s t  s u r f a c e  was i n i t i a l l y  a  f l a t  z e ro  d i s p a r i t y  s u r f a c e  i n  t h e  
p l a n e  of th e  s c r e e n .  I f  h o w e v e r ,  w i th  th e  same a d a p t in g  s u r f a c e ,  a 
f l a t  t e s t  s u r f a c e  was p r e s e n t e d  a t  a c ro s s e d  o r  u n c ro s s e d  d i s p a r i t y ,  a 
d e p th  a f t e r e f f e c t  was s t i l l  o b s e r v e d .  The s u r f a c e  a p p eared  c o r r u g a te d  
i n  d e p th  and th e  e f f e c t  was i n d i s t i n g u i s h a b l e  from t h a t  o b ta in e d  w i th  a 
z e ro  d i s p a r i t y  t e s t  s u r f a c e .  T h is  o b s e r v a t io n  needs  to  be r i g o r o u s l y  
i n v e s t i g a t e d  and th e  s t r e n g t h  o f  th e  a f t e r e f f e c t  measured f o r  t e s t  
s u r f a c e s  a t  d i f f e r e n t  d i s p a r i t i e s .  I f  f u r t h e r  s tu d y  c o n f i rm s  th e
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o r i g i n a l  o b s e r v a t i o n ,  th e n  i t  s t r o n g l y  s u g g e s t s  t h a t  th e  a f t e r e f f e c t  
depends on th e  s p a t i a l  d i s t r i b u t i o n  of d i s p a r i t i e s ,  t h a t  i s  th e  
r e l a t i v e  d i s p a r i t i e s  betw een n e ig h b o u r in g  a r e a s ,  i n  th e  a d a p t in g  
s u r f a c e ,  r a t h e r  th a n  on th e  m a g n i tu d e s  o f  c ro s s e d  or  u n c ro s s e d  
d i s p a r i t i e s  a t  i n d i v i d u a l  p o i n t s .
T h is  s u g g e s t s  a t h i r d  p o s s i b i l i t y  f o r  th e  s i t e  of th e  
s t e r e o s c o p i c  a f t e r e f f e c t .  R a th e r  t h a n  b e in g  l o c a t e d  among mechanisms 
w hich e x t r a c t  t h e  d i s p a r i t y  v a lu e s  o f  d i f f e r e n t  p o i n t s  i n  th e  im age, 
th e  a f t e r e f f e c t s  m ight r e s u l t  from th e  a d a p t a t i o n  o f  mechanisms 
d e s ig n e d  to  e x t r a c t  in f o r m a t io n  ab o u t  r e l a t i v e  d i s p a r i t y  be tw een  
n e ig h b o u r in g  a r e a s .  These mechanisms would p e rh a p s  be s i m i l a r  to  th e  
c o n v e x i ty  m echanism s su g g e s te d  by Nakayama and Loomis (1 9 7 4 ) ,  o r  the  
s h e a r  d e t e c t o r s  su g g e s te d  by L o n g u e t -H ig g in s  and P razdny  (1 9 8 0 ) ,  f o r  
t h e  e x t r a c t i o n  o f  v e l o c i t y  g r a d i e n t s  o v e r  s p a c e .  I t  was s u g g e s te d  
above t h a t  such  mechanisms a r e  l i k e l y  t o  be in v o lv e d  i n  th e  p r o c e s s in g  
o f  p a r a l l a x  d e p th .  Mechanisms o f  a  s i m i l a r  k in d  must a l s o  e x i s t  i n  th e  
s t e r e o s c o p i c  sy s tem  s in c e  i t  i s  n e c e s s a r y  to  know how th e  d e p th  v a lu e s  
w i t h i n  th e  image change over  s p a c e ,  i n  o r d e r  to  be a b le  t o  p e r c e iv e  th e  
t h r e e - d i m e n s i o n a l  form of  an o b j e c t  o r  s u r f a c e .  Mechanisms d e s ig n e d  to  
r e g i s t e r  t h e  change o f  d i s p a r i t y  o v e r  s p a c e ,  o r  d i s p a r i t y  g r a d i e n t s ,  
would be a  p o s s i b l e  b a s i s  f o r  t h i s  p r o c e s s  and i f  such  mechanisms were 
a d a p t a b l e ,  th e y  m igh t e a s i l y  p ro d u ce  th e  k ind  o f  s t e r e o  a f t e r e f f e c t s  
found  i n  t h e  p r e s e n t  s tu d y .  I f  a d a p t a t i o n  r e s u l t e d  i n  some im b a lan ce  
i n  th e  opponen t o r g a n i s a t i o n  among t h e s e  d i s p a r i t y  g r a d i e n t  m echanism s, 
o r  a change i n  th e  o v e r a l l  r e s p o n s e  d i s t r i b u t i o n  o f  mechanisms tu n ed  to  
d i f f e r e n t  d e p th  g r a d i e n t s ,  th e n  n e g a t i v e  d e p th  a f t e r e f f e c t s  would be 
e x p e c te d  to  o c c u r .
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I
iii) Similarities between depth aftereffects
The e m p i r i c a l  c h a r a c t e r i s t i c s  of a f t e r e f f e c t s  p roduced  by 
i n s p e c t i o n  o f  a  p a r a l l a x  d e p th  s u r f a c e  were s i m i l a r  to  the  a f t e r e f f e c t s  J
found  f o r  s t e r e o s c o p i c  s u r f a c e s .  The m agnitude  o f  th e  a f t e r e f f e c t  was ,
o f  t h e  same o r d e r  i n  b o th  c a s e s  a l t h o u g h ,  on a v e ra g e ,  th e  p a r a l l a x  
a f t e r e f f e c t  was s l i g h t l y  lo w e r .  M oreover, t h e  r e l a t i o n s h i p  be tw een  th e  f
s i z e  of t h e  a f t e r e f f e c t  and peak  to  t ro u g h  d i s p a r i t y  of th e  a d a p t in g  4:
c o r r u g a t i o n  was v e ry  s i m i l a r  f o r  a d a p t in g  d i a p r i t i e s  o f  10 min a r c  and 
be low . A dap ting  s u r f a c e s  w i th  more th a n  10 min a r c  o f  e q u i v a l e n t  ,
d i s p a r i t y  were n o t  used  to  m easu re  p a r a l l a x  a f t e r e f f e c t s  b e c a u s e ,  a t  
t h e s e  a m p l i t u d e s ,  r e l a t i v e  m o tio n  b e g in s  to  be p e rc e iv e d  in  t h e  |
s u r f a c e .
The p o s s i b i l i t y  t h a t  a f t e r e f f e c t s  a r i s e  from th e  a d a p t a t i o n  of 
r e l a t i v e  d i s p a r i t y  d e t e c t o r s ,  p e rh a p s  p o i n t s  to  a l i n k  be tw een  th e  
d e p th  a f t e r e f f e c t s  found f o r  p a r a l l a x  s u r f a c e s  and th o s e  t h a t  o c c u r  f o r  
s t e r e o s c o p i c  s u r f a c e s .  T h is  may a c c o u n t  f o r  th e  o b se rv ed  e m p i r i c a l
s i m i l a r i t i e s .  As m e n t io n e d  a b o v e ,  i t  i s  l i k e l y  t h a t  , p a r a l l a x
in f o r m a t io n  i s  e x t r a c t e d  by m echanism s which respond  to  r e l a t i v e  m o tio n  
o r  change in  v e l o c i t y  o v e r  s p a c e .  When d isa m b ig u a te d  by know ledge o f  
t h e  o v e r a l l  d i r e c t i o n  o f  t r a n s l a t i o n ,  such mechanisms re sp o n d  to  
changes  in  d e p th  o v e r  s p a c e ,  t h a t  i s ,  r e l a t i v e  d e p th  s p e c i f i e d  by 
d i f f e r e n t i a l  v e l o c i t i e s .  I f  t h e  p a r a l l a x  d e p th  a f t e r e f f e c t  r e s u l t s
from th e  a d a p t a t i o n  o f  t h e s e  m echan ism s, and th e  s t e r e o  a f t e r e f f e c t
from th e  a d a p t a t i o n  o f  m echanism s which respond  to  r e l a t i v e  d i s p a r i t y ,  
th e n  a s i m i l a r  e x p l a n a t i o n  can  be advanced  to  e x p la in  th e  two e f f e c t s .
I n  g e n e r a l ,  b o th  d e p th  a f t e r e f f e c t s  c o u ld  a r i s e  from th e  a d a p t a t i o n  o f  
mechanism s d e s ig n e d  to  p i c k  up in f o r m a t io n  abou t changes in  d e p th  over  
s p a c e ,  in  th e  one c a se  s p e c i f i e d  by d i f f e r e n t i a l  m o tio n ,  i n  th e  o t h e r
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by d i f f e r e n t i a l  d i s p a r i t y ,  be tw een  d i f f e r e n t  r e t i n a l  a r e a s .  Such g
m echanism s co u ld  be t h e  b u i l d i n g  b lo c k s  f o r  th e  d e p th  p r o c e s s in g  
sy s tem s  which a l l o w  us to  p e r c e i v e  th e  t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f
I -
d e p th  s u r f a c e s  i n  ou r  e n v i ro n m e n t .  f|
:4|
5 .5  F u r t h e r  e x p e r im e n ts  on d e p th  a f t e r e f f e c t s .
i )  D ep th  a f t e r e f f e c t s  as  a  f u n c t i o n  o f  c o r r u g a t i o n  f re q u e n c y  ....
IThe p a r a l l a x  and s t e r e o  d e p th  a f t e r e f f e c t s  found i n  th e  p r e v io u s  1|
e x p e r im e n t ,  were m easured  a f t e r  a d a p t in g  to  a c o r r u g a t e d  d e p th  s u r f a c e  
w i th  a s p a t i a l  f r e q u e n c y  o f  0 .1  c y c /d e g .  T h is  d e p th  s p a t i a l  f r e q u e n c y  
h a d ,  i n f o r m a l l y ,  seemed to  p r o v id e  a l a r g e  a f t e r e f f e c t  which was e a sy  
t o  m easu re  u s in g  th e  n u l l i n g  t e c h n i q u e .  However, t h e  e x a c t  n a t u r e  o f  
t h e  r e l a t i o n s h i p  be tw een  th e  d e p th  s p a t i a l  f re q u e n c y  o f  the  a d a p t in g  
s u r f a c e  and th e  s t r e n g t h  o f  th e  dep th  a f t e r e f f e c t ,  had n o t  been 
d e te r m in e d .  A f u r t h e r  s tu d y  was t h e r e f o r e  c a r r i e d  ou t  to  m easure  
a f t e r e f f e c t s  f o r  a d a p t i n g  c o r r u g a t i o n s  w i th  v a ry in g  s p a t i a l
f r e q u e n c i e s .
The s t r e n g t h  o f  t h e  a f t e r e f f e c t  was m easu red ,  i n  th e  same way as 
b e f o r e ,  u s in g  a n u l l i n g  t e c h n i q u e .  During a two m in u te  p e r io d  w hich 4
c o n s i s t e d  of c y c l e s  o f  8 s e c s  a d a p t a t i o n  fo l lo w e d  by a 1 second  
p r e s e n t a t i o n  o f  t h e  t e s t  s u r f a c e ,  t h e  o b s e rv e r  a d ju s t e d  th e  peak  to  
t ro u g h  d e p th  i n  th e  t e s t  c o r r u g a t i o n  u n t i l  t h e  a f t e r e f f e c t  had been 
c a n c e l l e d  and th e  t e s t  s u r f a c e  a p p e a re d  f l a t .  The s p a t i a l  f re q u e n c y  of  
t h e  c o r r u g a te d  t e s t  s u r f a c e  was a lw ays th e  same a s  t h a t  o f  th e  a d a p t in g  
s u r f a c e .  A f t e r e f f e c t s  were m easured  f o r  c o r r u g a te d  a d a p t in g  s u r f a c e s  
o f  t e n  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s  f o r  s t e r e o s c o p i c  d e p th  ( 0 .0 5 ,  0 . 1 ,
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, . s   A-.........2 ±-
0 , 2 ,  0 . 4 ,  0 . 6 ,  0 . 8 ,  1 . 0 ,  1 . 2 ,  1 .4  and 1 .6  c y c le s  p e r  d e g r e e ) ,  and f o u r
s e t t i n g s  w ere  made a t  e ach  s p a t i a l  f re q u e n c y .  For p a r a l l a x  d e p th ,
\a f t e r e f f e c t s  were m easured  a t  f i v e  s p a t i a l  f r e q u e n c ie s  ( 0 .0 5 ,  0 . 1 ,  0 . 2 ,
I
0 . 4  and 0 .8  c y c le s  p e r  d e g r e e ) ,  and two s e t t i n g s  were made a t  e ach  
f r e q u e n c y .  F o r  s t e r e o  s u r f a c e s  th e  peak to  t ro u g h  d e p th  i n  th e  
a d a p t i n g  s u r f a c e  was 8 min a r c  d i s p a r i t y ,  f o r  a l l  f r e q u e n c i e s ,  and f o r  
p a r a l l a x  s u r f a c e s  th e  e q u i v a l e n t  a d a p t in g  d i s p a r i t y  was 8 min a r c . J
The s t r e n g t h s  of  t h e  d e p th  a f t e r e f f e c t s  o b ta in e d  f o r  c o r r u g a te d  
a d a p t i n g  s u r f a c e s  o f  d i f f e r e n t  s p a t i a l  f r e q u e n c ie s  a r e  shown i n  F ig u r e
5 . 6 .  The s t r e n g t h  o f  t h e  a f t e r e f f e c t  i s  p l o t t e d  i n  p e r c e n ta g e  te rm s  so
t h a t  th e  amount of  peak to  t ro u g h  d e p th ,  t h a t  had to  be added i n  to  t h e  
t e s t  s u r f a c e  to  c a n c e l  t h e  a f t e r e f f e c t ,  i s  e x p re s se d  a s  a p e r c e n ta g e  o f  
th e  peak to  t ro u g h  d e p th  i n  t h e  a d a p t in g  s u r f a c e .  For s t e r e o s c o p i c  
a d a p t i n g  s u r f a c e s ,  t h e  s t r e n g t h  o f  th e  a f t e r e f f e c t  was j u s t  o v e r  50% a t  
t h e  low er  s p a t i a l  f r e q u e n c i e s  and rem ained  ro u g h ly  c o n s t a n t  u n t i l  t h e  
a d a p t i n g  s p a t i a l  f r e q u e n c y  re a c h e d  0 .4  c y c /d e g  when i t  began  t o  ïI
d e c r e a s e .  I t  was a l s o  found  t h a t ,  f o r  a d a p t in g  s u r f a c e s  s p e c i f i e d  by 
p a r a l l a x  d e p th  i n f o r m a t i o n ,  t h e  a f t e r e f f e c t  was somewhat low er  a t
a ro u n d  30% f o r  t h i s  o b s e r v e r .  A, s i m i l a r  d i f f e r e n c e  i n  t h e  s i z e  o f  th e  
two d e p th  a f t e r e f f e c t s  had b e e n  found f o r  t h i s  o b s e r v e r  i n  th e  p r e v i o u s  
s tu d y .  F o r ’ p a r a l l a x  s u r f a c e s ,  th e  s i z e  o f  th e  a f t e r e f f e c t  a g a in  
rem ained  f a i r l y  c o n s t a n t  a s  th e  f re q u e n c y  o f  t h e  a d a p t in g  s u r f a c e  
i n c r e a s e d  up to  0 .4  c y c /d e g ,  a l t h o u g h  t h e r e  was a s l i g h t  f a l l  o f f  by
I
0 .4  c y c /d e g  and a s u b s t a n t i a l  d e c re a s e  by 0 .8  c y c /d e g .  D epth  I
a f t e r e f f e c t s  cou ld  n o t  be m easu red  f o r  p a r a l l a x  d e p th  s u r f a c e s  w i th
s p a t i a l  f r e q u e n c ie s  above 0 .8  c y c /d e g  as i t  was found t h a t  i t  was j
4 !im p o s s ib l e  t o  p e r c e iv e  a s t a b l e  a f t e r e f f e c t  in  t h e s e  c a s e s .  T h is  may
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The s t r e n g t h  o f  t h e  d e p th  a f t e r e f f e c t s  o b t a in e d  w i th  c o r r u g a te d  
a d a p t i n g  s u r f a c e s  o f  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s .  The s t r e n g t h  
o f  t h e  a f t e r e f f e c t  i s  e x p re s s e d  a s i a  p e r c e n ta g e  o f  t h e  a d a p t i n g  
d i s p a r i t y  f o r  a d a p t i n g  s u r f a c e s  s p e c i f i e d  by p a r a l l a x  (■) and 
s t e r e o s c o p i c  ( • )  d e p th  i n f o r m a t i o n .  (O b se rv e r  MEG).
have been due to  th e  g r e a t e r  d i f f i c u l t y  In  m a in ta in in g  v e r t i c a l  
f i x a t i o n  betw een a peak  and a t ro u g h  a t  th e s e  h ig h e r  f r e q u e n c i e s ,  a ' 
p rob lem  which i s  more a p p a re n t  f o r  p a r a l l a x  th a n  s t e r e o  as  t h e  o b s e r v e r  
h as  to  move from s i d e  to  s id e  w h i le  v iew ing  th e  p a r a l l a x  a d a p t in g  
s u r f a c e .
The r e s u l t s  found in  t h i s  s tu d y  show t h a t  th e  p a r a l l a x  and 
s t e r e o  d e p th  a f t e r e f f e c t s ,  o b t a in e d  a f t e r  v iew ing  c o r r u g a te d  a d a p t in g  
s u r f a c e s ,  do n o t  depend c r u c i a l l y  on th e  s p a t i a l  f r e q u e n c y  o f  th e  
a d a p t in g  c o r r u g a t i o n .  The s t r e n g t h  o f  t h e  a f t e r e f f e c t  d o e s ,  how ever ,  
d e c r e a s e  a t  f r e q u e n c ie s  above 0 .8  c y c /d e g  and a t  th e s e  f r e q u e n c i e s  th e  
p e r c e iv e d  a f t e r e f f e c t  becomes l e s s  s t a b l e  and more d i f f i c u l t  t o  m easure  
e s p e c i a l l y  f o r  p a r a l l a x  d e p th  s u r f a c e s .  The d e c re a s e  i n  th e  
a f t e r e f f e c t  a t  h i g h e r  s p a t i a l  f r e q u e n c i e s  m igh t be th o u g h t  to  be due to  
th e  f a c t  t h a t  th e  t h r e s h o l d  f o r  d e t e c t i n g  c o r r u g a te d  s u r f a c e  a t  t h e s e  
s p a t i a l  f r e q u e n c ie s  s t a r t s  to  r i s e .  Hence, th e  a m p l i tu d e  o f  th e  
a d a p t in g  c o r r u g a t i o n  r e l a t i v e  t o . t h r e s h o l d  would be l e s s  f o r  t h e s e  
f r e q u e n c i e s .  However, no d e c l i n e  i n  t h e  s t r e n g t h  o f  th e  a f t e r e f f e c t  
o c c u r r e d  a t  t h e  low s p a t i a l  f r e q u e n c i e s  o f  0 .0 5  o r  0 .1  c y c /d e g ,  where 
d e t e c t i o n  t h r e s h o l d s  a r e  a l s o  h i g h .  I n  a d d i t i o n ,  t h e  p r e v io u s  s tu d y  
i n d i c a t e d  t h a t  t h e  p e r c e n ta g e  s i z e  o f  t h e  a f t e r e f f e c t  a c t u a l l y  
i n c r e a s e d  f o r  a d a p t in g  s u r f a c e s w i t h  l e s s  peak  to  t ro u g h  d e p th .
The p r e s e n t  r e s u l t s  a l s o  s u g g e s t  t h a t  dep th  s u r f a c e s  w hich 
c o n t a i n  h ig h  f re q u e n c y  d ep th  i n f o r m a t io n ,  f o r  exam ple, s u r f a c e s  
c o n ta i n in g  sh a rp  d e p th  c h a n g e s ,  w i l l  n o t  p roduce  a f t e r e f f e c t s  a s  s t r o n g  
a s  th o se  c o n ta i n in g  low f r e q u e n c y ,  g r a d u a l  d e p th  change . T h is  may be 
one r e a s o n  why th e  i n i t i a l  f i n d i n g s  o f  Blakemore and J u l e s z  ( 1 9 7 1 ) ,  and 
o t h e r s ,  on s t e r e o s c o p i c  a f t e r e f f e c t s ,  found d ep th  a f t e r e f f e c t s  which
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iw ere  s m a l l e r  th a n  t h o s e  found In  th e  p r e s e n t  e x p e r im e n t s .  These 
s t u d i e s  used a d a p t i n g  s u r f a c e s  c o n ta i n in g  sm a l l  s q u a re s  s t a n d in g  i n  
d i s c r e t e  d e p th  p l a n e s  r a t h e r  th a n  th e  c o n t in u o u s  d e p th  s u r f a c e s  used  ^
h e r e .
J
I n  t h e  p r e s e n t  e x p e r im e n t s ,  i t  was found t h a t  th e  s i z e  o f  th e  
d e p th  a f t e r e f f e c t  i n c r e a s e d  i n  a b s o lu t e  te rm s ,  b u t  d e c re a s e d  in  
p e r c e n ta g e  te r m s ,  a s  t h e  peak to  t ro u g h  d e p th  o f  t h e  a d a p t in g  s u r f a c e  
was i n c r e a s e d .  S in c e  th e  a d a p t in g  s u r f a c e s  were s i n u s o i d a l  d e p th  
c o r r u g a t i o n s  t h i s  r e l a t i o n s h i p  c o u ld  have been  due to  two f a c t o r s  which 
change  t o g e t h e r  as  t h e  d e p th  a m p l i tu d e  o f  th e  c o r r u g a t i o n  i n c r e a s e s ,  .@
n a m e ly ,  th e  a b s o l u t e  d e p th  d i f f e r e n c e  betw een a peak  and a t ro u g h  o f
I
t h e  s u r f a c e ,  and th e  maximum d e g re e  o f  dep th  s lo p e  i n  t h e  s u r f a c e .  The 
e x p e r im e n t  j u s t  d e s c r i b e d  has  shown t h a t  t h e r e  i s  v e ry  l i t t l e  change in  
t h e  s t r e n g t h  o f  t h e  a f t e r e f f e c t  f o r  c o r r u g a te d  a d a p t in g  s u r f a c e s  o v e r  a 
r a n g e  o f  s p a t i a l  f r e q u e n c i e s ,  d e s p i t e  th e  f a c t  t h a t  t h e  d e g re e  o f  d e p th  ?|
s l o p e  p r e s e n t  i n  th e  s u r f a c e  v a r i e s  w id e ly  f o r  c o r r u g a t i o n s  w i th  %
f r e q u e n c i e s  w i t h i n  t h i s  r a n g e .  T h is  s u g g e s t s  t h a t  th e  o r i g i n a l  f i n d i n g  
o f  an  i n c r e a s e  i n  t h e  s t r e n g t h  o f  th e  a f t e r e f f e c t  w i th  i n c r e a s i n g ,  
a d a p t i n g  a m p l i t u d e ,  can  be a t t r i b u t e d  to  th e  i n c r e a s e  i n  th e  r e l a t i v e  
d e p th  betw een  th e  peak  and th e  t ro u g h  o f  th e  c o r r u g a t i o n  r a t h e r  th a n  to  
t h e  I n c r e a s e d  g r a d i e n t  o f  d e p th  change w i t h in  t h e  s u r f a c e .  However, i t  
i s  a l s o  p o s s i b l e  t h a t  t h e  s t r e n g t h  o f  th e  a f t e r e f f e c t  rem a in s  r o u g h ly  
c o n s t a n t  over  a  r a n g e  o f  a d a p t in g  s p a t i a l  f r e q u e n c i e s ,  b e c au se  o f  an 
i n t e r a c t i o n  be tw een  th e  g r a d i e n t  o f  d ep th  change and th e  s p a t i a l  a r e a  
o v e r  which t h i s  d e p th  change o c c u r s .  In  t h i s  c a s e ,  a l th o u g h  a t  low er  "S
s p a t i a l  f r e q u e n c i e s  th e  d e c re a s e d  g r a d i e n t  m ight be e x p e c te d  to  le a d  to  |
a  w eaker a f t e r e f f e c t ,  t h e  d e p th  change o c c u rs  o v e r  a l a r g e r  a r e a  t h u s  î
a l l o w in g  f o r  g r e a t e r  s p a t i a l  i n t e g r a t i o n .
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In  a s tu d y  o f  movement a f t e r e f f e c t s  fo l lo w in g  i n s p e c t i o n  of  
d i f f e r e n t i a l l y  moving random d o t  p a t t e r n s ,  Nakayama and T y le r  (1981a) 
have  found r e s u l t s  s i m i l a r  to  t h o s e  r e p o r t e d  h e r e .  The s t i m u l i  were 
moving random d o t  p a t t e r n s  w here th e  v e l o c i t y  o f  each  row v a r i e d  
s i n u s o i d a l l y  from th e  to p  to  t h e  bo t tom  of th e  s u r f a c e  and were s i m i l a r  
t o  th o s e  used i n  t h e i r  p r e v io u s  s tu d y  which was d e s c r ib e d  in  th e  l a s t  
c h a p t e r  (Nakayama and T y l e r ,  1 9 8 1 b ) .  They showed t h a t  th e  s t r e n g t h  o f  
t h e  movement a f t e r e f f e c t  rem ained  c o n s t a n t  u n t i l  th e  f re q u e n c y  o f  th e  
s i n u s o i d a l  v e l o c i t y  s i g n a l  i n c r e a s e d  above 1 c y c le  p e r  d e g re e .  Above 
t h i s  v a lu e  th e  s t r e n g t h  o f  t h e  a f t e r e f f e c t  d e c re a s e d  r a p i d l y  and th e  
d e c r e a s e  co u ld  n o t  be a t t r i b u t e d  to  po o r  eye f i x a t i o n .  They a t t r i b u t e d  
t h i s  a f t e r e f f e c t  to  th e  a d a p t a t i o n  o f  mechanisms d e s ig n e d  to  d e t e c t  
r e l a t i v e  m o tio n .  The s i m i l a r i t y  be tw een  t h i s  d i f f e r e n t i a l  movement 
a f t e r e f f e c t  as  a  f u n c t i o n  o f  s p a t i a l  f re q u e n c y  and th e  p a r a l l a x  d e p th  
a f t e r e f f e c t  found h e re  s u g g e s t s  t h a t  they  may a r i s e  from s i m i l a r  
m echan ism s .
i i )  O th e r  ty p e s  o f  d e p th  a f t e r e f f e c t
The d e p th  a f t e r e f f e c t s  ' r e p o r t e d  above, which o c c u r  f o l l o w in g  
i n s p e c t i o n  o f  b o th  p a r a l l a x  and s t e r e o s c o p i c  d e p th  s u r f a c e s ,  a r e  
n e g a t i v e  d e p th  a f t e r e f f e c t s .  A f t e r  a d a p t a t i o n ,  th e  n e u t r a l  t e s t  
s t i m u lu s  i s  p e rc e iv e d  to  have  a com plementary t h r e e - d i m e n s i o n a l  
s t r u c t u r e  to  t h a t  o f  th e  a d a p t in g  s u r f a c e .  Such an a f t e r e f f e c t  i s  
a n a lo g o u s  to  th e  w a t e r f a l l  i l l u s i o n  i n  th e  movement domain and to  th e  
a f t e r i m a g e s  found f o r  c o lo u r  and b r i g h t n e s s .  The n e g a t i v e  a f t e r e f f e c t s  
found f o r  c o r r u g a te d  d e p th  s u r f a c e s  c a n ,  i n  f a c t ,  be c o n s id e r e d  to  be a 
ty p e  o f  d e p th  a f t e r i m a g e .  The p r e s e n c e  o f  th e  a f t e r e f f e c t  depends
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c r u c i a l l y  on m a i n t a i n in g  v e r t i c a l  f i x a t i o n ,  w h i le  v iew ing  th e  
h o r i z o n t a l l y - o r i e n t e d  c o r r u g a t i o n s  in  th e  a d a p t in g  s u r f a c e .  I f  th e  
e y e s  a r e  a l lo w e d  to  s c a n  f r e e l y ,  any a r e a  of th e  r e t i n a  i s  s t i m u la t e d  
by many d i f f e r e n t  d e p th  v a l u e s  and no n e g a t iv e  a f t e r e f f e c t  i s  o b se rv e d  ?
on s u b s e q u e n t  v ie w in g  o f  a  f l a t  t e s t  s u r f a c e .  T his  i s  a g a in  an a lo g o u s  
t o  a f t e r i m a g e s  of b r i g h t n e s s  and c o lo u r ,  which a l s o  r e l y  on s t e a d y  
f i x a t i o n .  In  t h i s  r e s p e c t ,  t h i s  ty p e  o f  a f t e r e f f e c t  i s  p h a s e - s p e c i f i c  
a s  i t  depends on th e  d e p th  s t r u c t u r e  m a in ta in in g  a c o n s t a n t  p o s i t i o n ,  
w i t h  r e s p e c t  t o  t h e  r e t i n a ,  t h r o u g h o u t  t h e  a d a p t in g  p e r i o d .
I t  was m en tioned  e a r l i e r  t h a t  a model o f  v i s u a l  p r o c e s s in g  which 
i n v o lv e s  s e p a r a t e  c h a n n e ls  tu n e d  t o  d i f f e r e n t  r a n g e s  o f  s t im u lu s  v a lu e s  
a lo n g  a  s t i m u lu s  d im en s io n  ( F ig u r e  5 .5 a ) ,  p r e d i c t s  t h a t  o t h e r  
p e r c e p t u a l  e f f e c t s  shou ld  f o l lo w  a d a p t a t i o n ,  in  a d d i t i o n  to  any 
n e g a t i v e  a f t e r e f f e c t  w hich m igh t  o c c u r .  F i r s t l y ,  such a model 
p r e d i c t s  t h a t  i f  a d a p t a t i o n  p ro d u ce s  a r e d u c t i o n  i n  t h e  r e s p o n s e  of 
c h a n n e l s  w hich resp o n d  to  th e  a d a p t in g  s t i m u lu s ,  t h e n ,  d u r in g  th e  
a d a p t i n g  p e r i o d ,  t h e  s t r e n g t h  o f  th e  p e rc e iv e d  s t im u lu s  a t t r i b u t e  
s h o u ld  w eaken. Fo r  exam p le ,  i t  h a s  been found t h a t  d u r in g  a d a p t a t i o n  
t o  a  moving g r a t i n g ,  i t s  p e r c e iv e d  v e l o c i t y  d e c r e a s e s  (Wohlgemuth, 
1911; G ib so n ,  1 9 3 7 ) .  An a n a lo g o u s  e f f e c t  a l s o  o c c u rs  in  th e  d e p th  
dom ain . A f t e r  v iew in g  a c o r r u g a t e d  a d a p t in g  s u r f a c e  f o r  a  m inu te  o r  so 
t h e  amount o f  peak  to  t ro u g h  d e p th ,  o r  d e p th  c o n t r a s t ,  a p p e a r s  to  
d e c r e a s e  so t h a t  th e  c o r r u g a t i o n s  a p p e a r  s h a l lo w e r .  The e f f e c t  a g a in  
depends  on m a i n t a i n in g  v e r t i c a l  f i x a t i o n  th ro u g h o u t  th e  a d a p t in g  
p e r i o d ,  and so i s  p h a s e - s p e c i f i c .
The second p r e d i c t e d  e f f e c t  o f  p ro longed  s t i m u l a t i o n  i s  a r a i s e d  
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a d a p te d  c h a n n e l s .  T h is  ty p e  o f  a d a p t a t i o n  e f f e c t  i s  known a s  t h r e s h o l d  
e l e v a t i o n  and t h e  i n v e s t i g a t i o n  o f  t h i s  e f f e c t  i n  t h e  movement and g
s p a t i a l  f r e q u e n c y  domain has  p roduced  u s e f u l  i n f o r m a t io n  a b o u t  th e  
u n d e r l y i n g  p r o c e s s in g  m echanisms ( P a n t l e  and S e k u le r  1968; B lakem ore  
and C am p b e ll ,  1 9 6 9 ) .  C o n t r a s t  t h r e s h o l d  e l e v a t i o n  h a s ,  f o r  ex am p le ,  
been  found f o r  lu m in an ce  g r a t i n g s ,  w here p ro lo n g e d  v ie w in g  o f  a  g r a t i n g  
o f  one s p a t i a l  f re q u e n c y  r a i s e s  su b se q u e n t  t h r e s h o l d s  f o r  g r a t i n g s  o f  
s i m i l a r  s p a t i a l  f r e q u e n c i e s .  By m easu r in g  th e  e x t e n t  o f  t h r e s h o l d  
e l e v a t i o n  f o r  g r a t i n g s  o v e r  t h e  w hole  ran g e  o f  s p a t i a l  f r e q u e n c i e s ,  i t  %
h a s  been  found t h a t  t h e  maximum e l e v a t i o n  o c c u rs  f o r  t e s t  f r e q u e n c i e s  
w hich a r e  th e  same as  t h e  a d a p t in g  f r e q u e n c y ,  and e l e v a t i o n  d e c r e a s e s  
t o  z e ro  f o r  t e s t  g r a t i n g s  t h a t  d i f f e r  from th e  a d a p t in g  g r a t i n g  by more 
th a n  one o c ta v e  i n  f r e q u e n c y .  T h is  type  o f  d a ta  a l lo w s  e s t i m a t e s  f o r  
t h e  band w id th s  o f  th e  a d a p te d  c h a n n e ls  to  be c a l c u l a t e d .  C o n t r a s t  
t h r e s h o l d  e l e v a t i o n  e f f e c t s  f o r  lum inance  a r e  phase  i n d e p e n d e n t . s i n c e ,  
i n  o r d e r  to  a v o id  b r i g h t n e s s  a f t e r i m a g e s ,  t h e  lu m in an c e  g r a t i n g  i s  
scanned  i n  a  d i r e c t i o n  o r th o g o n a l  to  th e  c o n to u r s  o f  t h e  g r a t i n g  d u r in g  
t h e  a d a p t in g  p e r i o d .
I n  t h e  d e p th  dom ain, t h e  p r e s e n t  e x p e r im e n ts  showed t h a t  s t r o n g  
n e g a t i v e  a f t e r e f f e c t s  o c c u r r e d  a f t e r  a d a p t a t i o n .  I t  was n o t  p o s s i b l e ,  
t h e r e f o r e ,  to  m easu re  any p h a s e -d e p e n d e n t  t h r e s h o l d  e l e v a t i o n .  I n  a 
s e n s e ,  how ever ,  th e  n e g a t i v e  a f t e r e f f e c t  does show t h a t  t h r e s h o l d  
e l e v a t i o n  of t h i s  k ind  must have  o c c u r r e d .  A f t e r  a d a p t a t i o n ,  a t  th e  
n u l l  s e t t i n g  where th e  t e s t  s u r f a c e  a p p e a r s  f l a t ,  t h e r e  i s  a c t u a l l y  a 
d e p th  c o r r u g a t i o n  p r e s e n t  in  t h e  t e s t  s u r f a c e  which would be w e l l  above 
t h r e s h o l d  i n  t h e  u n adap ted  s t a t e .  However, i n  a d d i t i o n  to  t h e  n e g a t i v e  
d e p th  a f t e r e f f e c t ,  i t  i s  a l s o  p o s s i b l e  t h a t  t h e r e  i s  a  p h a s e -  
in d e p e n d e n t  t h r e s h o l d  e l e v a t i o n  e f f e c t ,  an a lo g o u s  to  t h e  c o n t r a s t  5
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It h r e s h o l d  e l e v a t i o n  found i n  th e  lum inance  dom ain. ,â
Such a p o s s i h i l t y  h a s  been i n v e s t i g a t e d  f o r  s t e r e o s c o p i c  d e p th  
i n  a r e c e n t  p a p e r  by Schumer and Ganz (1 9 7 9 ) .  The i n s p e c t io n  s t i m u l i  
were  s t e r e o s c o p i c  d e p th  s u r f a c e s ,  s i n u s o i d a l l y  m odulated  i n  d e p th ,  
w hich  were s i m i l a r  to  th e  d i s p a r i t y  g r a t i n g s  used in  th e  p r e s e n t  
e x p e r im e n t s .  The t h r e s h o l d  d e p th  a m p l i t u d e s ,  f o r  t e s t  d i s p a r i t y  
g r a t i n g s  of v a ry in g  s p a t i a l  f r e q u e n c i e s ,  were measured f o l lo w in g  
p ro lo n g e d  i n s p e c t i o n  o f  an a d a p t in g  d i s p a r i t y  g r a t i n g  a t  a f ix e d  
s p a t i a l  f re q u e n c y .  These t h r e s h o l d s  were compared w i th  t h r e s h o l d s  
o b ta in e d  f o r  th e  same s t i m u l i  p r i o r  to  a d a p t a t i o n .  During th e  a d a p t in g  
p e r i o d ,  o b s e rv e r s  scanned  th e  h o r i z o n t a l l y  o r i e n t e d  d i s p a r i t y  g r a t i n g s  
i n  a  v e r t i c a l  d i r e c t i o n ,  a c r o s s  t h e  d e p th  c o n to u r s ,  th u s  p r e v e n t in g  th e  
b u i l d - u p  o f  p h a s e -d e p e n d e n t  n e g a t i v e  d i s p a r i t y  a f t e r e f f e c t s .  Schumer 
and Ganz found t h a t ,  a f t e r  a d a p t a t i o n ,  t h r e s h o l d  e l e v a t i o n  occu red  f o r  
t e s t  g r a t i n g s  o v e r  a  ran g e  of  d e p th  s p a t i a l  f r e q u e n c ie s ,  w i th  th e  
maximum e l e v a t i o n ,  o f  a b o u t  50%, o c c u r r in g  f o r  t e s t  g r a t i n g s  o f  th e  
same s p a t i a l  f r e q u e n c y  a s  t h e  a d a p t in g  g r a t i n g .  T h resh o ld  e l e v a t i o n  
g r a d u a l l y  f e l l  o f f  a s  t h e  f r e q u e n c y  d i f f e r e n c e  betw een a d a p t  and t e s t  
i n c r e a s e d .  In  d e t a i l ,  th e y  found t h a t ,  f o r  an a d a p t in g  f r e q u e n c y  o f  
a ro u n d  1 .5  c y c /d e g ,  t h e r e  was no t h r e s h o l d  e l e v a t i o n  f o r  t e s t  g r a t i n g s  
o f  below 0 .4  o r  above 4 .0  c y c /d e g ,  and f o r  a 0 .5  c y c /d e g  a d a p t i n g  
g r a t i n g  no e l e v a t i o n  o c c u r r e d  f o r  c o r r u g a t i o n s  above 2 c y c /d e g .
Schumer and Ganz i n t e r p r e t  t h e s e  r e s u l t s  as e v id e n c e  f o r  
s e p a r a t e  mechanisms w i t h i n  th e  d i s p a r i t y  p r o c e s s in g  system  w hich 
resp o n d  to  d i f f e r e n t  f r e q u e n c i e s  o f  d i s p a r i t y  m o d u la t io n  over  s p a c e .  
S u p p o r t  f o r  such a model i s  a l s o  p ro v id e d  by a n o th e r  e x p e r im e n t  
r e p o r t e d  i n  th e  same p a p e r  which u s e s  s u b th r e s h o ld  summ ation
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Ip r o c e d u r e s ,  f i r s t  used  f o r  lum inance  g r a t i n g s  by Graham and Nachmias
( 1 9 7 1 ) .  T h re s h o ld s  w ere  m easured f o r  c o r r u g a te d  d i s p a r i t y  s u r f a c e s  o f  I
fi.d i f f e r e n t  s p a t i a l  f r e q u e n c ie s  and th e s e  were compared w i th  th o s e  f o r  
more complex d e p th  s u r f a c e s ,  which c o n s i s t e d  o f  t h e  sum o f  two 
d i s p a r i t y  c o r r u g a t i o n s  o f  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s .  The a m p l i tu d e  
o f  one of t h e  components of  th e  compound d e p th  s u r f a c e  was k e p t  
c o n s t a n t  a t  some v a lu e  below th r e s h o ld  and th e  t h r e s h o l d  f o r  th e  
compound was compared w i th  th e  t h r e s h o l d  f o r  t h e  s im p le  c o r r u g a t i o n  |
w i t h  t h e  same s p a t i a l  f re q u e n c y  a s  t h e  o t h e r  com ponent. Schumer and 
Ganz found t h a t  t h e  t h r e s h o ld  was th e  same f o r  b o th  t h e  s im p le  and 
compound d e p th  g r a t i n g s ,  d e s p i t e  th e  p re s e n c e  o f  a s u b th r e s h o ld  
component a t  a  d i f f e r e n t  s p a t i a l  f re q u e n c y  i n  t h e  compound. They 
i n t e r p r e t  t h i s  f i n d i n g  to  mean t h a t  t h e  two component d e p th  s p a t i a l  
f r e q u e n c ie s  a r e  d e t e c t e d  by s e p a r a t e  in d e p e n d e n t  d i s p a r i t y  m echanism s.
The p r e s e n c e  of p h a s e - in d e p e n d e n t  t h r e s h o l d  e l e v a t i o n  a rg u e s  
s t r o n g l y  f o r  th e  e x i s t e n c e  o f  d e p th  p r o c e s s in g  m echanism s w hich  resp o n d  
t o  d e p th  m o d u la t io n  o f  a p a r t i c u l a r  f re q u e n c y  i r r e s p e c t i v e  o f  th e  
p o s i t i o n  o f  t h e  d e p th  c o n to u rs  w i t h i n  t h e  r e t i n a l  a r e a  s e rv e d  by each  
m echanism . S ince  such  a f i n d i n g  i s  im p o r ta n t  f o r  t h e o r i e s  o f  d e p th  
p r o c e s s i n g  i n  g e n e r a l ,  i t  was d e c id e d  to  i n v e s t i g a t e  t h e  e x i s t e n c e  o f  
t h r e s h o l d  e l e v a t i o n  e f f e c t s  f o r  p a r a l l a x  d e p th  s u r f a c e s .  E l e v a t i o n  
e f f e c t s  were a l s o  m easured f o r  s t e r e o s c o p i c  s u r f a c e s  to  p r o v id e  
c o m p ar iso n  d a t a  and to  co n fi rm  th e  f i n d i n g s  o f  Schumer and Ganz.
C o rru g a te d  d e p th  s u r f a c e s ,  s p e c i f i e d  i n  th e  u s u a l  way by m otion  
p a r a l l a x  i n f o r m a t io n ,  were used a s  a d a p t in g  s t i m u l i .  The s p a t i a l  
f r e q u e n c y  of  th e  a d a p t in g  c o r r u g a t i o n  was f ix e d  a t  0 .2  c y c /d e g  and 
t h r e s h o l d s  were m easured  f o r  t e s t  c o r r u g a t i o n s  o f  0 . 1 ,  0 .2  and 0 .4
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c y c /d e g .  A f t e r  an i n i t i a l  a d a p t i n g  p e r io d  o f  3 0 s e c s ,  o b s e rv e r s  w ere  41
p r e s e n t e d  w i th  c y c l e s  o f  a  2 0 se c s  a d a p t in g  p e r io d  fo l lo w e d  by a t e s t  S
p e r i o d  of lO s e c s .  D uring  th e  t e s t  p e r i o d ,  c o r r u g a t i o n s  were random ly  
p r e s e n te d  a t  each  o f  th e  t e s t  f r e q u e n c ie s  and t h r e s h o l d s  were m easured  
by an a s c e n d in g  method of  l i m i t s .  Throughout th e  a d a p t in g  p e r io d  th e  
p h ase  of th e  p a r a l l a x  d e p th  s u r f a c e  was r e v e r s e d  e v e ry  two se co n d s  to  
p r e v e n t  any b u i l d - u p  o f  a n e g a t i v e  d e p th  a f t e r e f f e c t .  T h is  p ro c e d u re  
e n s u re d  t h a t  no p h a s e - s p e c i f i c  a f t e r e f f e c t  cou ld  b u i l d  up , and was 
c o n s id e r e d  to  be more e f f e c t i v e  th a n  th e  v e r t i c a l  s c a n n in g  p ro c e d u re  
u sed  by Schumer and Ganz. Each a d a p t a t i o n  t r i a l  c o n s i s t e d  o f  24 c y c l e s  
o f  a d a p t  and t e s t ,  so t h a t  e i g h t  t h r e s h o l d  m easurem ents  were made f o r  
each  o f  th e  t e s t  s p a t i a l  f r e q u e n c i e s .  During th e  t e s t  p e r i o d ,  th e  
a m p l i tu d e  of th e  t e s t  c o r r u g a t i o n  was g r a d u a l ly  i n c r e a s e d  u n t i l  t h e  5
o b s e r v e r  co u ld  i d e n t i f y  th e  number of c y c le s  p r e s e n t  in  t h e  t e s t  
s u r f a c e  and t h i s  p o i n t  was t a k e n  a s  an e s t im a te  o f  th e  t h r e s h o l d .  The
4t h r e s h o l d s  m easured on t h e s e  a d a p t a t i o n  t r i a l s  were compared w i th  th o s e  ag
m easured  on p re - a n d  p o s t - c o n t r o l  t r i a l s .  These t t i a l s  c o n s i s t e d  of 
f i f t e e n  3 0 s e c .  c y c l e s  c o m p r is in g  a 20 s e c s ,  p r e s e n t a t i o n  o f  a  f l a t  4
p a r a l l a x  d e p th  s u r f a c e  fo l lo w e d  by a 10 s e c .  t e s t  p e r i o d ,  d u r in g  which 
t h e  t h r e s h o ld  f o r  one of th e  t e s t  s u r f a c e s  was a g a in  e s t im a te d  by an 
a s c e n d in g  method of  l i m i t s .  As a m easure  o f  t h r e s h o l d  e l e v a t i o n ,  t h e  4
mean t h r e s h o ld  v a lu e  m easured  f o r  e ach  t e s t  s p a t i a l  f re q u e n c y  d u r in g  
th e  a d a p t a t i o n  t r i a l  was s u b t r a c t e d  from th e  sum of t h e  mean t h r e s h o l d s  
m easured  in  t h e  p re  and p o s t  t r i a l s .
4
I t  was found t h a t ,  on a v e r a g e ,  no t h r e s h o ld  e l e v a t i o n  o c c u r r e d  
a f t e r  i n s p e c t i o n  o f  a p a r a l l a x  d e p th  s u r f a c e ,  f o r  any of th e  t h r e e  " <4
o b s e r v e r s .  The v a r i a b i l i t y  in  t h r e s h o l d  d a ta  was found to  be r a t h e r  
h ig h  f o r  a l l  o b s e r v e r s .  I t  was c o n c lu d ed  t h a t  th e  p r o c e d u re  used  was
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Ïn o t  a d e q u a te  to  m easure  t h e  s m a l l  e l e v a t i o n  e f f e c t s  t h a t  m igh t be 
p r e d i c t e d  i n  t h i s  s i t u a t i o n .  I t  w as, t h e r e f o r e ,  d e c id e d  to  m easure  
t h r e s h o l d  e l e v a t i o n  e f f e c t s  f o r  s t e r e o s c o p i c  s u r f a c e s  t o  see  w h e th e r  
more r e l i a b l e  d a ta  cou ld  be o b t a i n e d .
J:I n  t h i s  e x p e r im e n t ,  t h e  a d a p t in g  s t i m u l i  were c o r r u g a te d  .%
d i s p a r i t y  s u r f a c e s  w i th  a  s p a t i a l  f re q u e n c y  o f  e i t h e r  0 .2  o r  0 .4  
c y c /d e g .  D uring  a d a p t a t i o n ,  t h e  p h a se  o f  th e  a d a p t in g  c o r r u g a t i o n  was 
a g a in  r e v e r s e d  ' ev e ry  two se co n d s  to  d e s t r o y  any n e g a t i v e  d e p th
a f t e r e f f e c t .  T h re sh o ld s  w ere  m ea su re d ,  as b e f o r e ,  by an a s c e n d in g  
m ethod of l i m i t s  in  th e  b r i e f  p e r i o d  f o l lo w in g  p r e s e n t a t i o n  o f  th e
a d a p t i n g  s u r f a c e .  The t e s t  c o r r u g a t i o n  was, random ly , one o f  s i x
s p a t i a l  f r e q u e n c ie s  which spanned  th e  a d a p t in g  s p a t i a l  f r e q u e n c y .
T h re sh o ld  e l e v a t i o n  was c a l c u l a t e d  by s u b t r a c t i n g  th e  t h r e s h o l d  v a lu e s  
o b t a in e d  i n  th e  a d a p t a t i o n  t r i a l s ,  from th o s e  o b ta in e d  in  c o n t r o l  
t r i a l s  w here  a f l a t  z e ro  d i s p a r i t y  s u r f a c e  was p r e s e n t e d  d u r in g  th e  
a d a p t i n g  p e r i o d .  The d a t a  a r e  p l o t t e d  i n  F ig u re  5 .7 ,  f o r  two 
o b s e r v e r s .  The r e s u l t s  o b t a in e d  a g a in  showed a h ig h  v a r i a b i l i t y ,  
a l t h o u g h  t h e r e  does seem t o  be a s l i g h t l y  i n c r e a s e d  th r e s h o ld  f o r  t e s t  
c o r r u g a t i o n s  a t  t h e  same s p a t i a l  f r e q u e n c y  a s  th e  a d a p t in g  s u r f a c e .
In  c o n c lu s i o n ,  t h e  m ethods u se d  to  m easure  t h r e s h o l d  e l e v a t i o n  
i n  th e  p r e s e n t  e x p e r im e n t  w ere  n o t  a d e q u a te  to  d e te rm in e  w h e th e r  such  
e l e v a t i o n  o c c u r r e d  f o r  e i t h e r  p a r a l l a x  o r  s t e r e o s c o p i c  s u r f a c e s .  I t  i s  
p o s s i b l e  t h a t  t h e  u se  o f  a c o u n te r p h a s e  a d a p t in g  c o r r u g a t i o n  i n c r e a s e d  
th e  v a r i a b i l i t y  o f  t h e  m easu rem en ts  by in t r o d u c in g  tem p o ra l  a s  w e l l  as  
s p a t i a l  m o d u la t io n  o f  t h e  s t i m u l u s .  A more d e t a i l e d  i n v e s t i g a t i o n  
u s in g  fo rc e d  c h o ic e  p r o c e d u r e s  and c o u n te rp h a s e  d e p th  g r a t i n g s  of 
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\ \ ' C .
Ic o n c lu s io n s  ab o u t  th e  e x i s t e n c e  o f  u n d e r ly in g  d ep th  p r o c e s s in g  
m echanism s c o u ld  be drawn from th e  s tu d y  o f  t h i s  ty p e  of  a d a p t a t i o n  
e f f e c t .
i i i )  H y p e rc y c lo p e an  d e p th  a f t e r e f f e c t s
.'HThe t h i r d  ty p e  o f  a d a p t a t i o n  e f f e c t  p r e d i c t e d  by an in d e p e n d e n t  
c h a n n e l  model o f  p r o c e s s in g  i s  t h a t  f o l l o w in g  a d a p t a t i o n  th e  p e r c e iv e d  
c h a r a c t e r i s t i c s  o f  s t i m u l i  s i m i l a r  to  t h e  a d a p t in g  s t im u lu s  w i l l  be 
a l t e r e d .  For exam ple ,  a f t e r  p ro lo n g e d  i n s p e c t i o n  of a lum inance
g r a t i n g  a t  a p a r t i c u l a r  s p a t i a l  f r e q u e n c y ,  th e  p e rc e iv e d  s p a t i a l  
f re q u e n c y  of t e s t  g r a t i n g s  o f  s l i g h t l y  h ig h e r  ( lo w e r )  s p a t i a l
f r e q u e n c i e s ,  i s  s h i f t e d  so t h a t  th e y  a p p e a r  to  have  a h ig h e r  ( lo w e r )  
f re q u e n c y  th a n  i n  t h e  u n a d a p te d  s t a t e .  An an a lo g o u s  e f f e c t  in  th e
d e p th  domain was r e p o r t e d  by T y le r  (1 9 7 5 b ) .  He r e p o r t e d  t h a t ,  a f t e r
v iew in g  a d e p th  s u r f a c e  w h ich  c o n s i s t e d  o f  a h ig h  f re q u e n c y  d i s p a r i t y  
g r a t i n g  above a low f re q u e n c y  d i s p a r i t y  g r a t i n g  ( F ig u r e  5 . 8 ) ,  t h e n ,  i n  
a t e s t  s u r f a c e  w hich c o n ta i n e d  two d i s p a r i t y  g r a t i n g s  o f  th e  same 
s p a t i a l  f r e q u e n c y ,  t h e  . lo w e r  g r a t i n g  a p p e a re d  to  have  a h ig h e r  d e p th  
s p a t i a l  f re q u e n c y  th a n  t h e  lo w e r .  A lthough  a d e m o n s t r a t io n  s te r e o g ra m  
i s  p ro v id e d  i n  t h e  p u b l i s h e d  p a p e r ,  T y le r  does n o t  p r o v id e  e m p i r i c a l  
d a t a  to  s u p p o r t  t h e  r e p o r t e d  e f f e c t  a s  no a t t e m p t  was made to  m easu re  
t h e  s t r e n g t h  o f  t h i s  d e p th  s p a t i a l  f r e q u e n c y  s h i f t .
“ÏT y le r  d o e s ,  how ever ,  r e p o r t  a t i l t  a f t e r e f f e c t  f o r  d i s p a r i t y  
g r a t i n g s  f o r  which d a t a  w ere  c o l l e c t e d .  A f t e r  a d a p t in g  to  d i s p a r i t y  
g r a t i n g s  o f  a h ig h  s p a t i a l  f r e q u e n c y ,  which were o r i e n t e d  a t  a r a n g e  o f  
a n g le s  from th e  h o r i z o n t a l ,  o b s e r v e r s  were asked  to  a d j u s t  th e  
o r i e n t a t i o n  o f  a t e s t  g r a t i n g  o f  t h e  same f re q u e n c y  so t h a t  i t  a p p e a re d
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1to  be h o r i z o n t a l .  The l a r g e s t  t i l t  a f t e r e f f e c t ,  o f  ab o u t  two d e g r e e s ,  
was found f o r  a d a p t in g  g r a t i n g s  o r i e n t e d  20-30 degs  from th e  «
■fh o r i z o n t a l .  T h is  i s  a n a lo g o u s  to  th e  t i l t  a f t e r e f f e c t  found f o r
lu m in an c e  g r a t i n g s  w here th e  maximum e f f e c t  o c c u rs  when th e  a d a p t  and 
t e s t  g r a t i n g s  d i f f e r  i n  o r i e n t a t i o n  by ab o u t  10-15 degs  (Campbell and
M a f f e i ,  1971) .  T y le r  c a l l s  t h e s e  two ty p e s  of s t e r e o s c o p i c  
a f t e r e f f e c t ,  h y p e rc y c lo p e a n ,  i n  c o n t r a s t  to  th e  c y c lo p e a n  a f t e r e f f e c t ,  
o r  n e g a t i v e  s t e r e o s c o p i c  a f t e r e f f e c t ,  o b ta in e d  w i th  random d o t  
s te r e o g ra m s  and s t e a d y  f i x a t i o n .  T h is  terra  h i g h l i g h t s  th e  f a c t  t h a t  
h i s  e f f e c t s  a r e  due to  a d a p t a t i o n  to  th e  a c t u a l  form o f  th e
s t e r e o s c o p i c  s u r f a c e  r a t h e r  th a n  to  t h e  p a r t i c u l a r  d e p th  v a lu e s  o v e r  a 
c e r t a i n  a r e a .  T h is  s u g g e s t s  t h a t  th e y  o c c u r  a t  a h ig h  l e v e l  w i t h i n  t h e  
d i s p a r i t y  p r o c e s s in g  sy s te m , where th e  o v e r a l l  form of t h e  d e p th  
s u r f a c e  i s  e x t r a c t e d .  T y l e r " s  o b s e r v a t i o n s  s u g g e s t  t h a t  a t  t h i s  l e v e l  
t h e  mechanisms in v o lv e d  a r e  s e l e c t i v e l y  tuned to  th e  s i z e  and
o r i e n t a t i o n  o f  s t e r e o s c o p i c  form .
An a t t e m p t  was made t o  m easu re  t h e  d e p th  s p a t i a l  f re q u e n c y  s h i f t  
o b s e rv e d  by T y le r  f o r  s t e r e o s c o p i c  d e p th  g r a t i n g s ,  and to  look  f o r  a 
s i m i l a r  e f f e c t  f o r  d e p th  g r a t i n g s  s p e c i f i e d  by m otion  p a r a l l a x  
i n f o r m a t i o n .  O b se rv e rs  viewed an a d a p t in g  s u r f a c e ,  i l l u s t r a t e d  in  
F i g u r e  5 . 8 ,  which c o n s i s t e d  o f  a h ig h  s p a t i a l  f re q u e n c y  d e p th  g r a t i n g  
above a low er f re q u e n c y  g r a t i n g ,  such  t h a t  th e  two f r e q u e n c ie s  a lw ays 
d i f f e r e d  by a f a c t o r  o f  t h r e e .  The c o r r u g a t i o n s  were e i t h e r  o r i e n t e d  
v e r t i c a l l y ,  o r  h o r i z o n t a l l y ,  a s  shown. During an a d a p t in g  p e r io d  o f  a 
c o u p le  of m in u te s ,  th e  o b s e r v e r  scanned  th e  s u r f a c e  i n  a d i r e c t i o n  
o r th o g o n a l  to  t h e  d e p th  c o n to u r s ,  t o  p r e v e n t  th e  b u i ld - u p  of n e g a t i v e  
d e p th  a f t e r e f f e c t s .  A f t e r  th e  a d a p t a t i o n  p e r i o d ,  a  t e s t  s u r f a c e  was 
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f r e q u e n c y ,  and t h i s  f r e q u e n c y  had a v a lu e  h a lfw a y  betw een th e  v a lu e s  o f  4
t h e  low and h ig h  f r e q u e n c i e s  i n  t h e  a d a p t in g  s u r f a c e .  D e s p i te  u s in g  a 
w ide  ran g e  o f  a d a p t in g  f r e q u e n c i e s  no m ea su rab le  d i f f e r e n c e  i n  4
f re q u e n c y  was o b se rv ed  betw een th e  two h a lv e s  o f  t h e  t e s t  s u r f a c e .
T h is  was t r u e  b o th  when th e  d e p th  s u r f a c e s  were s p e c i f i e d  4
s t e r e o s c o p i c a l l y  and when th e y  w ere  s p e c i f i e d  by m otion  p a r a l l a x .  A 
s m a l l  e f f e c t  in  t h e  p r e d i c t e d  d i r e c t i o n  was n o ted  f o r  t h e  h i g h e s t  
a d a p t i n g  f r e q u e n c ie s  used  ( 0 .5  and 1 .5  c y c /d e g ) ,  b u t  t h i s  was n o t  l a r g e  
o r  r e l i a b l e  enough to  m easu re  w i th  a  n u l l i n g  t e c h n iq u e .  This  f i n d i n g  
s u g g e s t s  t h a t  any o b se rv e d  d e p th  s p a t i a l  f re q u e n c y  s h i f t  i s  s m a l l  and , 
h e n c e ,  th row s some doubt on T y le r^ s  s u g g e s t io n  o f  in d e p e n d e n t
m echanism s tuned  to  t h e  s p a t i a l  f r e q u e n c y  o f  d e p th  m o d u la t io n .
I n  summary, a l th o u g h  l a r g e  n e g a t i v e  p h a s e -d e p e n d e n t  a f t e r e f f e c t s  
w ere  found a f t e r  p ro lo n g e d  v iew in g  o f  c o r r u g a te d  d e p th  s u r f a c e s  when 
t h e  d e p th  was s p e c i f i e d  by e i t h e r  m otion  p a r a l l a x  o r  s t e r e o p s i s ,  i t  was 
d i f f i c u l t  to  f i n d  a c l e a r  example o f  a  p h a s e - in d e p e n d e n t  a d a p t a t i o n  
e f f e c t  u s in g  th e  p r e s e n t  methods and s t i m u l i .  S tu d ie s  by Schumer and 
Ganz (1979) and T y le r  (1975b) s u g g e s t  t h a t  such  e f f e c t s  can o c c u r ,  a t  
l e a s t  f o r  s t e r e o s c o p i c  s u r f a c e s ,  and t h a t  th e y  p ro v id e  e v id e n c e  f o r  
p h a s e - in d e p e n d e n t  mechanisms r e s p o n s iv e  to  d i f f e r e n t  f r e q u e n c ie s  and 
o r i e n t a t i o n s  o f  d i s p a r i t y  m o d u la t io n  o v e r  s p a c e .  These f i n d i n g s  were 
n o t ,  how ever ,  r e p l i c a t e d  i n  t h e  p r e s e n t  s tu d y .  I t  was s u g g e s te d  above 
t h a t  th e  o b se rv ed  n e g a t i v e  a f t e r e f f e c t s ,  w hich a r e  p h a s e - s p e c i f i c ,  a r e  
b e s t  e x p la in e d  as  a r i s i n g  from th e  a d a p t a t i o n  o f  mechanisms which 
resp o n d  to  ch an g es  i n  d e p th  o v e r  s p a c e .  The s e n s i t i v i t y  f u n c t i o n s  
r e p o r t e d  i n  c h a p te r  4 s u g g e s t  t h a t  s u b s e t s  o f  t h e s e  mechanisms m igh t  be 
r e s p o n s i v e  to  d e p th  m o d u la t io n  o v e r  d i f f e r e n t  s p a t i a l  a r e a s .  The 
p r e s e n t  e v id e n c e  s u g g e s t s  t h a t ,  i f  t h e s e  mechanisms e x i s t ,  th e n  th e y
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a r e  p h a s e - d e p e n d e n t ,  t h a t  i s ,  th e y  depend on c e r t a i n  c h a r a c t e r i s t i c  
ty p e s  of d e p th  change ove r  f i x e d  r e t i n a l  a r e a s  and a r e  n o t  o r g a n i s e d  
i n t o  p h a s e - in d e p e n d e n t  c h a n n e l s .  F u r th e r  e v id e n c e  f o r  t h e  e x i s t e n c e  o f  
such  mechanisms has  been p ro v id e d  by lo o k in g  a t  s im u l ta n e o u s  d e p th  
c o n t r a s t  e f f e c t s  w hich a r e  a  d i r e c t  r e s u l t  o f  s p a t i a l  i n t e r a c t i o n s  i n  
t h e  d e p th  dom ain.
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Chapter 6 Simultaneous Contrast Effects for Parallax and
Stereoscopic Depth
6.1 Introduction.
W ith in  many s e n s o r y  d im ens ions  i t  has  been  found t h a t  th e  
p e r c e p t u a l  c h a r a c t e r i s t i c s  of a n e u t r a l  t e s t  a r e a  a r e  a f f e c t e d  by th e  
p r o p e r t i e s  o f  th e  s u r r o u n d in g  a r e a .  For exam ple , a n e u t r a l  g r e y  d i s c  
on a red  su r ro u n d  a p p e a r s  to  be g r e e n ,  t h a t  i s ,  i t  t a k e s  on th e  c o lo u r  
com plem en tary  t o  i t s  s u r r o u n d .  T his  i s  an  example of s im u l ta n e o u s  
c o l o u r  c o n t r a s t  (K irschm ann , 1890; P u r k in j e ,  1825 ) .  A s i m i l a r  c o n t r a s t  
e f f e c t  i n  t h e  movement domain i s  d e m o n s tra ted  by th e  phenomenon of 
in d u ce d  movement, f i r s t  r e p o r t e d  by Duncker (1 9 2 9 ) ,  where a s t a t i o n a r y  
t e s t  s p o t  a p p e a r s  to  move when i t  i s  su rro u n d ed  by a moving f ra m e .  An 
a n a lo g o u s  in d u ce d  t i l t  e f f e c t  o c c u rs  f o r  l i n e  s t i m u l i  (G ib so n ,  1933) 
a n d ,  f o r  lum inance  g r a t i n g s ,  th e  p e rc e iv e d  o r i e n t a t i o n  and s p a t i a l  
f r e q u e n c y  o f  a  p a tc h  of g r a t i n g  a r e  a f f e c t e d  by th e  o r i e n t a t i o n  and 
s p a t i a l  f r e q u e n c y  o f  s u r r o u n d in g  o r  a d ja c e n t  g r a t i n g s  (Mackay, 1973, 
K l e i n ,  S trom eyer  and Ganz, 1974 ) .  These p e r c e p t u a l  c o n t r a s t  e f f e c t s  
i l l u s t r a t e  t h a t  th e  p e r c e p t u a l  c h a r a c t e r i s t i c s  o f  a d j a c e n t  s p a t i a l  
a r e a s  a r e  n o t  in d e p e n d e n t  and h e n c e ,  t h a t  p e r c e p t u a l  p r o c e s s in g  i n  
g e n e r a l  i n v o lv e s  i n t e r a c t i o n s  betw een s t im u lu s  i n f o r m a t io n  from 
n e ig h b o u r in g  a r e a s .  S im u lta n e o u s  c o n t r a s t  e f f e c t s  have  t h e r e f o r e  been 
u se d  as  e v id e n c e  f o r  t h e  e x i s t e n c e  and e x t e n t  of s p a t i a l  i n t e r a c t i o n s  
w i t h i n  v a r i o u s  p r o c e s s in g  mechanisms ( R a t l i f f ,  1965; von B ek esy ,1 9 6 8 ;  
A n s t i s ,  1 9 7 5 ) .
W ith in  th e  d e p th  dom ain, th e  e x i s t e n c e  o f  s im u l ta n e o u s  c o n t r a s t  
e f f e c t s  a n a lo g o u s  to  th o s e  found f o r  o t h e r  s e n s o r y  d im e n s io n s ,  can be
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d e m o n s t ra te d  by showing t h a t  t h e  d e p th  of a p a r t i c u l a r  a re a  i s  a f f e c t e d  
by th e  d e p th  v a lu e s  o f  s u r r o u n d in g  r e g i o n s .  T h is  c h a p te r  d e s c r i b e s  
s e v e r a l  e f f e c t s  of t h i s  k ind  w hich  have been found f o r  d e p th  s u r f a c e s ,  
where  th e  d e p th  w i t h i n  t h e  s u r f a c e  was s p e c i f i e d  e i t h e r  by m otion 
p a r a l l a x  o r  by s t e r e o s c o p i c  i n f o r m a t io n .  Such e f f e c t s  i l l u s t r a t e  t h a t  f
s p a t i a l  i n t e r a c t i o n  i s  an im p o r ta n t  a s p e c t  of p r o c e s s in g  w i t h in  bo th  J
th e  p a r a l l a x  and s t e r e o s c o p i c  s y s te m s .
6 .2  P r e l i m i n a r y  o b s e r v a t i o n s .
S im u lta n e o u s  c o n t r a s t  e f f e c t s  i n  th e  d e p th  domain can r e a d i l y  be 
o b s e rv e d  i n  many d e p th  s u r f a c e s  w i th  d i f f e r e n t  t h r e e - d i m e n s i o n a l  
s t r u c t u r e s .  S t e r e o s c o p ic  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  were d e s c r ib e d  
by A n s t i s  (1 9 7 5 ) ,  who used  a random d o t  s te re o g ra m  to  p o r t r a y  t h e  dep th  
s u r f a c e  i l l u s t r a t e d  in  F ig u re  6 . 1 .  I t  c o n s i s t s  of two d i s c s  w hich a r e  
a t  th e  same d i s p a r i t y  and w hich w ould , t h e r e f o r e ,  n o rm a l ly  a p p e a r  to
l i e  i n  th e  same d e p th  p l a n e .  However, t h e  low er d i s c  i s  su r ro u n d e d  by
a s u r f a c e  a t  an u n c ro s s e d  d i s p a r i t y  w i th  r e s p e c t  to  th e  d i s c s  and 
a p p e a r s  to  l i e  beh ind  them, w h i le  th e  u p p e r  d i s c  i s  su r ro u n d e d  by an 
a r e a  a t  a c r o s s e d  d i s p a r i t y  which a p p e a rs  to  be n e a r e r .  On v iew ing  
t h i s  s u r f a c e ,  t h e  low er d i s c  a p p e a r s  to  l i e  n e a r e r  to  th e  o b s e rv e r  th a n  
th e  u p p e r  due to  t h e  d e p th  c o n t r a s t  betw een th e  d i s c s  and t h e i r  #
s u r r o u n d s .  T h is  e f f e c t  i s  n o t  an a f t e r e f f e c t  b u t  o c c u rs  im m e d ia te ly  I
upon v iew ing  t h e  d e p th  s u r f a c e .
The f i r s t  d e m o n s t r a t io n  o f  s im u l ta n e o u s  c o n t r a s t  in  th e  p a r a l l a x  
d e p th  domain was s i m i l a r  to  th e  d i s p l a y  d e s c r i b e d  by A n s t i s .  The 
p a r a l l a x  s u r f a c e  was p roduced  in  t h e  u s u a l  way, u s in g  a d i s t o r t i o n
F ig u re  6 . 1 .
The d e p th  s u r f a c e  used  by A n s t i s  (1975) t o  d e m o n s t r a te  th e  
p re s e n c e  o f  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  in  th e  d e p th  domain, 
The s u r f a c e  was p o r t r a y e d  u s in g  a random d o t  s te r e o g ra m  and 
c o n ta in e d  two d i s c s  w hich  were a t  t h e  same d i s p a r i t y .  The 
d i s c s  a p p e a r e d ,  how ever ,  t o  l i e  a t  d i f f e r e n t  d i s t a n c e s  from  
th e  o b s e r v e r  when th e  u p p e r  d i s c  was su r ro u n d d  by a s u r f a c e  
n e a r e r  t h e  o b s e r v e r  and th e  low er  d i s c  by a s u r f a c e  f a r t h e r  
away. The u p p e r  d i s c  a p p e a re d  to  l i e  f a r t h e r  away th a n  th e  
lower d i s c .
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s i g n a l  which was a m p l i tu d e  m odu la ted  a c c o r d in g  to  t h e  p o s i t i o n  o f  t h e  1
o b s e r v e r ' s  h e a d .  T h is  s i g n a l  in t r o d u c e d  p a t t e r n s  o f  r e l a t i v e  m otion  %
i n t o  a random do t  p a t t e r n  w hich th e  o b s e rv e r  viewed w h i le  moving 
l a t e r a l l y  on a  c h i n r e s t .  I n  t h i s  p a r t i c u l a r  c a s e ,  th e  p a r a l l a x  
i n f o r m a t i o n  s im u la te d  t h a t  produced  by th e  s u r f a c e  i l l u s t r a t e d  in  
F ig u r e  6 . 2 a .  To do t h i s ,  t h e  shape  of t h e  p a r a l l a x  s i g n a l  was made the  
same a s  t h e  shape  of t h e  p r o f i l e  of th e  in te n d e d  d e p th  s u r f a c e .  The ‘S
s u r f a c e  i t s e l f  c o n s i s t e d  of two h o r i z o n t a l  b a r s  be tw een  which t h e r e  was . 
no r e l a t i v e  m o t i o n , - t h u s  s p e c i f y i n g  t h a t  th ey  were a t  t h e  same d e p th .
The u p p e r  b a r  was su rro u n d e d  by an  a r e a  whose r e l a t i v e  m o tio n  s p e c i f i e d
a  s u r f a c e  b eh in d  th e  b a r ,  and th e  low er b a r  was s u r ro u n d e d  by an a r e a
whose r e l a t i v e  m o tion  s p e c i f i e d  a n e a r e r  s u r f a c e .  When o b s e rv e r s  
v iew ed t h i s  p a r a l l a x  s t i m u lu s ,  t h e y  p e rc e iv e d  a s o l i d  t h r e e - d i m e n s i o n a l  
s u r f a c e  which c o n ta in e d  two b a r s  su rro u n d ed  by a r e a s  of  d i f f e r e n t  
d e p t h s .  I t  was fou n d ,  how ever ,  t h a t  th e  two b a r s  a p p e a re d  to  l i e  a t
d i f f e r e n t  d i s t a n c e s  from th e  o b s e r v e r ,  w i th  th e  u p p e r  b a r  a p p e a r in g
n e a r e r  t h a n  t h e  low er  b a r .  H ence, p a r a l l a x  d e p th  s u r f a c e s  show a 
s i m i l a r  ty p e  o f  c o n t r a s t  e f f e c t  to  t h a t  d e m o n s t ra te d  by A n s t i s  f o r  
s t e r e o s c o p i c  s u r f a c e s .  To c o n f i rm  t h i s  s i m i l a r i t y  u s in g  i d e n t i c a l  
s u r f a c e s  i n  t h e  two dom ains , t h e  s u r f a c e  i n  6 .2 a  was a l s o  d i s p l a y e d  
s t e r e o s c o p i c a l l y ,  where t h e  d e p th  i n  th e  s u r f a c e  was s p e c i f i e d  by 
b i n o c u l a r  d i s p a r i t i e s  r a t h e r  th a n  r e l a t i v e  m o tio n .  As f o r  th e  p a r a l l a x  
s u r f a c e  o f  t h e  same s h a p e ,  t h e  u p p e r  b a r  ap peared  to  l i e  n e a r e r  to  th e  
o b s e r v e r  th a n  th e  low er b a r .
S e v e r a l  o t h e r  d e p th  c o n t r a s t  e f f e c t s  can be o b s e rv e d  w i th  s im p le  
d e p th  s u r f a c e s .  For exam ple, when v iew ing  a s u r f a c e  w hich  c o n ta in s  two 
f l a t ,  f r o n t o p a r a l l e l  d e p th  p l a n e s ,  s i t u a t e d  a t  d i f f e r e n t  d i s t a n c e s  and 
s e p a r a t e d  by a s h a rp  s t e p  i n  d e p th ,  m ost o b s e rv e r s  r e p o r t  t h a t  th e  two
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F ig u re  6 . 2 .
Four exam ples  o f  s im u l ta n e o u s  d e p th  c o n t r a s t  :
I n  (a )  th e  u p p e r  b a r  a p p eared  to  l i e  i n  f r o n t  o f  th e  low er b a r  a l t h o u g h  
th e y  were p h y s i c a l l y  a t l  th e  same d e p th ,  due to  t h e  d e p th  c o n t r a s t  from  
th e  s u r r o u n d s .  In  (b) w here t h e r e  i s  a s im p le  s t e p  change i n  d e p th  
be tw een  th e  u p p e r  and low er  h a lv e s  o f  t h e  s u r f a c e  (which b o th  l i e  in  
th e  f r o n t o p a r a l l e l  p l a n e ) , t h e  two h a lv e s  a p p e a re d  t o  be s lo p i n g  away 
i n  d e p th .  S i m i l a r l y  f o r  a s u r f a c e  w i th  a s t a i r c a s e  d e p th  p r o f i l e  (c )  
th e  i n d i v i d u a l  s t e p s  ap p ear  t o  s lo p e  i n  d e p th .  A ty p e  o f  "Mach band"  
can  a l s o  be o b s e rv e d  f o r  d e p th  ( d ) ; a smooth ramp in  d e p th  a p p e a r s  
to  have n a rro w  t ro u g h s  o r  bumps a t  i t s  e d g e s .
Id)
Physical Surface Perceived Surface
d e p th  p l a n e s  a p p e a r  t o  s lo p e  away In  d e p th  r a t h e r  t h a n  a p p e a r in g  to  l i e  |
i n  t h e  f r o n t o p a r a l l e l  p la n e  ( F ig u r e  6 . 2 b ) .  T his  e f f e c t  a p p e a rs  t o  be 
a n a lo g o u s  t o  th e  a p p a r e n t  lum inance  ramps o b se rv e d  on v iew in g  a
s t a i r c a s e  lum inance  p r o f i l e  ( R a t l i f f ,  1965) .  A c l o s e r  a n a lo g y  can  be ll
o b s e rv e d  f o r  a  s u r f a c e  w i th  a s t a i r c a s e  p r o f i l e  i n  d e p th  w here th e
i n d i v i d u a l  s t e p s  o f  t h e  p r o f i l e  a p p e a r  to  s lo p e  i n  d e p th  ( F ig u r e  6 . 2 c ) .
I n  th e  lum inance  dom ain, a  p o w e rfu l  i l l u s i o n  which has  been a t t r i b u t e d
■ '1t o  l a t e r a l  i n h i b i t o r y  i n t e r a c t i o n s  betw een lum inance  d e t e c t o r s ,  i s  th e  
p r e s e n c e  o f  Mach bands (Mach, 1959; R a t l i f f ,  1 9 6 5 ) .  These i l l u s o r y
bands  o f  l i g h t  and d a rk  a r e  p e r c e iv e d  a t  th e  b o u n d a r ie s  o f  sm oo th ly
/c h a n g in g  lum inance  g r a d i e n t s .  A ga in ,  an a n a lo g o u s  e f f e c t  o c c u rs  f o r  
d e p th ,  a  smooth ramp i n  d e p th  a p p e a rs  to  have  na rrow  d e p th  bumps a t  i t s  
e d g es  ( F ig u r e  6 . 2 d ) .  These d e p th  e f f e c t s  co u ld  be o b se rv e d  b o th  when 
t h e  d e p th  s u r f a c e s  i l l u s t r a t e d  in  F ig u re  6 .2  were s p e c i f i e d  by p a r a l l a x  
m o tio n  and when th e  d e p th  was s p e c i f i e d  by b i n o c u l a r  d i s p a r i t i e s .
The o b s e r v a t io n s  j u s t  d e s c r ib e d  show t h a t  s im u l ta n e o u s  c o n t r a s t  
e f f e c t s  do o c c u r  i n  th e  d e p th  domain, f o r  p a r a l l a x  a s  w e l l  as 
s t e r e o s c o p i c  d e p th .  However, th e y  do n o t  g iv e  any i d e a  o f  t h e  s t r e n g t h  
o f  th e  e f f e c t s  o r  th e  assumed u n d e r ly in g  s p a t i a l  i n t e r a c t i o n s .  The aim 
o f  th e  f o l l o w in g  e x p e r im e n t  was to  m easure  t h e  s t r e n g t h  of  th e  c o n t r a s t  
e f f e c t  o b se rv e d  f o r  th e  s u r f a c e  shown i n  F ig u r e  6 . 3 a .  T h is  s u r f a c e  
p roduced  a p o w e r fu l  s im u l ta n e o u s  c o n t r a s t  e f f e c t  w hich co u ld  be 
m easured  e a s i l y  u s in g  a n u l l i n g  t e c h n i q u e .  I t  c o n s i s t e d  o f  a d e p th  
p l a n e  which s lo p e d  g r a d u a l l y  from th e  top  to  th e  bo ttom  of th e  s u r f a c e ,  
and h a lfw ay  down th e  s u r f a c e  was a h o r i z o n t a l  b a r  which was v e r t i c a l ,  
l y i n g  i n  th e  f r o n t o p a r a l l e l  p l a n e ,  a t  a  d i s t a n c e  e q u i v a l e n t  to  th e  
c e n t r e  d i s t a n c e  of th e  s u r r o u n d in g  s lo p in g  p l a n e .  Im m e d ia te ly  on 
v iew in g  t h i s  d e p th  s u r f a c e ,  t h e  c e n t r e  b a r ,  which was p h y s i c a l l y
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F ig u re  6 .3 .
The s u r f a c e  u sed  f o r  th e  s im u l ta n e o u s  c o n t r a s t  e x p e r im e n t  c o n s i s t e d  o f  
a s u r f a c e  s lo p in g  i n  d e p th  from  th e  top  to  th e  bo t tom  o f  th e  d i s p l a y .  
Cut o u t  o f  t h i s  s u r f a c e  was a c e n t r e  b a r  which was v e r t i c a l  i n  th e  
f r o n t o p a r a l l e l  p l a n e .  Im m e d ia te ly  upon v iew ing  t h i s  s u r f a c e  th e  c e n t r e  
b a r  a p p e a re d  t o  be s lo p i n g  i n  d e p th  i n  the  o p p o s i t e  d i r e c t i o n  t o  t h e  
su rro u n d  ( a ) .  T h is  c o n t r a s t  e f f e c t  was measured by a n u l l i n g  t e c h n i q u e .  
A p h y s i c a l  d e p th  s lo p e  was added to  th e  c e n t r e  b a r  u n t i l  i t  a p p e a re d  
v e r t i c a l  ( b ) . The a c t u a l  s u r f a c e  u sed  in  the  e x p e r im e n t  c o n s i s t e d  
o f  two h a lv e s  i n  w hich  th e  in d u c in g  s u r f a c e  s loped  i n  o p p o s i t e  
d i r e c t i o n s  ( c ) . The c o n t r a s t  e f f e c t  a c te d  i n  o p p o s i t e  d i r e c t i o n s  in  th e  
two h a lv e s  o f  t h e  c e n t r e  b a r  so t h a t  i t  appeared  t w i s t e d  a lo n g  i t s  
l e n g t h .
s
v e r t i c a l ,  a p p e a re d  to  s lo p e  in  d e p th  and th e  d i r e c t i o n  o f  th e  d e p th  
s lo p e  was o p p o s i t e  to  t h e  d i r e c t i o n  of th e  s lo p e  o f  th e  s u r ro u n d in g
in d u c in g  s u r f a c e .  The d e g re e  of s lo p e  induced  i n t o  th e  c e n t r e  
h o r i z o n t a l  b a r  c o u ld  be used  as an i n d i c a t i o n  o f  t h e  s t r e n g t h  o f  th e  
e f f e c t .  T h is  was m easured  u s in g  a n u l l i n g  te c h n iq u e  to  c a n c e l  th e  
induced  s lo p e  o f  t h e  c e n t r e  o f  th e  c e n t r e  b a r .  T h is  t e c h n iq u e  was easy  
t o  u se  and p roduced  r e l i a b l e  r e s u l t s .  I t  a l s o  i n d i c a t e d  t h a t  a d e p th  
s lo p e  induced  by c o n t r a s t  can  b e ,  i n  some s e n s e ,  added w i th  p h y s i c a l  
d e p th ,  a l th o u g h  th e  p r e c i s e  n a t u r e  o f  t h i s  i n t e r a c t i o n  i s  u n c l e a r .
6 .3  Methods and p r o c e d u r e .
The s t r e n g t h  o f  th e  s im u l ta n e o u s  c o n t r a s t  e f f e c t  was m easured
f o r  b o th  p a r a l l a x  and s t e r e o s c o p i c  s u r f a c e s  whose shape i s  shown in  
F ig u r e  6 .3 a .  • For t h e  p a r a l l a x  d i s p l a y ,  th e  d i s t o r t i o n  s i g n a l  was a 
waveform of th e  same shape  as  th e  d e s i r e d  d e p th  p r o f i l e ,  and t h i s  
s i g n a l  was a m p l i tu d e  m odu la ted  a c c o rd in g  to  th e  p o s i t i o n  o f  th e  
o b s e r v e r a s  h e a d ,  to  p ro d u ce  th e  a p p r o p r i a t e  p a t t e r n  of r e l a t i v e  
movement a s  th e  o b s e r v e r  moved from s id e  to  s i d e .  F o r  th e  s t e r e o
d i s p l a y ,  a s i g n a l  o f  t h e  same shape  was used to  p r o v id e  ' b i n o c u l a r  
d i s p a r i t i e s  be tw een  th e  two p a t t e r n s  i n  t h e  s t e r e o s c o p i c  v iew in g  
a p p a r a t u s .  In  b o th  c a s e s ,  th e  waveform was p roduced  e i t h e r  by 
m u l t i p l y i n g  a s i n e  and p u l s e  waveform of a p p r o p r i a t e  f r e q u e n c ie s
( F ig u r e  6 .4 )  o r  by u s in g  th e  Wavetek 175 a r b i t r a r y  waveform g e n e r a t o r ,  
which was programmed to  p ro d u ce  a d i g i t a l  waveform o f  t h e  a p p r o p r i a t e  
s h a p e .  As shown i n  F ig u re  6 . 4 ,  t h e  waveform cou ld  be a l t e r e d  to  v a ry  
th e  s lo p e  of t h e  s u r r o u n d in g  d e p th  p la n e  in  th e  s im u la te d  s u r f a c e ,  a nd , 





F ig u r e  6 .4 .
To p ro d u c e  th e  s u r f a c e  shown i n  F i g u r e  6 . 3 .  th e  p a r a l l a x ,  o r  d i s p a r i t y  
s i g n a l  c o n s i s t e d  o f  a  s i n e  waveform m u l t i p l i e d  by a p u l s e  waveform" 
o f  an  a p p r o p r i a t e  f r e q u e n c y  ( a ) . I n c r e a s i n g  t h e  a m p l i tu d e  o f  t h e  
s i n e  component i n c r e a s e d  th e  s lo p e  o f  t h e  in d u c in g  s u r f a c e  w i th o u t  
ch an g in g  th e  s lo p e r o f  th e  c e n t r e  b a r  ( b ) . D e c re a s in g  th e  a m p l i tu d e  
o f  t h e  p u l s e  component (w hich  was o f f s e t  from z e ro )  a l t e r e d  th e  
s lo p e o f  t h e  c e n t r e  w i th o u t  a f f e c t i n g  t h e  su rro u n d  ( c ) . T h is  a l low ed  
t h e  c o n t r a s t  e f f e c t  t o  be m easu red  by i n t r o d u c i n g  a p h y s i c a l  s lo p e  
to  th e  c e n t r e  b a r .
I n i t i a l l y ,  when th e  c e n t r e  b a r  was p h y s i c a l l y  s e t  to  be v e r t i c a l  
( i n  th e  f r o n t o p a r a l l e l  p l a n e )  i t  appeared  to  s lo p e  in  th e  o p p o s i t e  t!
d i r e c t i o n  to  th e  s lo p e  o f  th e  s u r ro u n d in g  s u r f a c e  ( F ig u r e  6 .3 a ) .  To 
m easure  t h e  s t r e n g t h  of  t h e  c o n t r a s t  e f f e c t ,  t h e  o b s e r v e r  a d ju s t e d  a 
p o t e n t i o m e t e r  which v a r i e d  th e  s lo p e  of th e  c e n t r e  b a r ,  w i th o u t  
a l t e r i n g  th e  shape  o r  s lo p e  of th e  in d u c in g  s u r r o u n d .  The o b s e r v e r ' s  
t a s k  was to  v a ry  t h i s  s lo p e  u n t i l  a n u l l  p o s i t i o n  was found where th e  
c e n t r e  b a r  a p p e a re d  to  be v e r t i c a l  and to  l i e  i n  th e  f r o n t o p a r a l l e l  
p la n e  ( F ig u r e  6 . 3 b ) .  The d e g re e  of s lo p e  t h a t  h a d . t o  be added i n  to  
t h e  c e n t r e  b a r ,  to  c a n c e l  th e  c o n t r a s t  e f f e c t  and make th e  b a r  a p p e a r  
v e r t i c a l ,  was th e n  t a k e n  a s  a  m easure  o f  th e  s t r e n g t h  of th e  e f f e c t .  A
The s t r e n g t h  of t h e  e f f e c t  was m easured f o r  s u r f a c e s  where th e  in d u c in g  
s u r r o u n d s  had d i f f e r e n t  d e g re e s  of s lo p e .  ^
In  p r a c t i c e ,  i t  was found t h a t  o b s e r v e r s  v a r i e d  c o n s id e r a b l y  i n  
t h e i r  s e t t i n g s  o f  t h e  a p p a r e n t  v e r t i c a l .  Even in  t h e  absence  o f  a -Q
s u r r o u n d in g  in d u c in g  s l o p e ,  th e  c e n t r e  b a r  was s e t  to  an a p p a re n t  
v e r t i c a l  which d i f f e r e d  by s e v e r a l  d e g re e s  from th e  t r u e  v e r t i c a l .  For 
m ost o b s e r v e r s  th e  s u b j e c t i v e  v e r t i c a l  was t i l t e d  away from th e  t r u e  
v e r t i c a l  b u t  t h e r e  were l a r g e  d i f f e r e n c e s  be tw een  i n d i v i d u a l s .  In  
o r d e r  to  overcome t h i s  s o u rc e  o f  v a r i a t i o n ,  t h e  d e p th  s u r f a c e  a c t u a l l y  
used  to  m easure  th e  c o n t r a s t  e f f e c t  c o n s i s t e d  o f  two h a l v e s .  I n  th e  
l e f t  hand h a l f ,  t h e  h o r i z o n t a l  c e n t r e  b a r  was su rro u n d e d  by a s u r f a c e  
w h ic h ,  from th e  top  to  th e  bottom  of th e  s u r f a c e ,  s lo p e d  from f a r  to  | |
n e a r  and so  a p p e a re d  to  be t i l t e d  away from th e  o b s e r v e r .  I n  c o n t r a s t ,  
t h e  c e n t r e  b a r  i n  t h e  r i g h t  hand h a l f ,  was s u rro u n d e d  by a / s u r f a c e  4
s lo p i n g  from n e a r  to  f a r  and appeared  to  t i l t  tow ards  th e  o b s e r v e r %.'4( F ig u r e  6 . 3 c ) .  The two h a lv e s  o f  th e  su rro u n d  now s lo p e d  in  o p p o s i t e  4
d i r e c t i o n s ,  and so when th e  c e n t r e  b a r  was p h y s i c a l l y  v e r t i c a l  th e
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am oun t ,  b u t  i n  o p p o s i t e  d i r e c t i o n s ,  f o r  th e  two h a lv e s  o f  th e  b a r .  The
\
o b s e r v e r  had to  a d j u s t  t h i s  c o n t r o l  u n t i l  t h e  c e n t r e  b a r  no lo n g e r
in duced  s lo p e  a c te d  i n  o p p o s i t e  d i r e c t i o n s  f o r  t h e  two h a l v e s .  The Ç
c e n t r e  b a r  th e n  a p p e a re d  to  be t w i s t e d  i n  d e p th  a lo n g  i t s  l e n g t h .  The 
o b s e r v e r ' s  t a s k ,  f o r  t h i s  m o d if ie d  s t i m u lu s ,  was to  a d j u s t  a 
p o t e n t i o m e t e r  which a l t e r e d  th e  s lo p e  o f  th e  c e n t r e  b a r  by th e  same
yI
a p p e a re d  to  be t w i s t e d  i n  d e p th  and th e  two h a lv e s  a p p e a re d  to  be M
a l i g n e d .
JThe c o n t r a s t  d e p th  s u r f a c e  i l l u s t r a t e d  i n  F ig u re  6 .3 c  was 
s p e c i f i e d  by e i t h e r  p a r a l l a x  o r  s t e r e o s c o p i c  i n f o r m a t io n .  The c o n t r a s t  
e f f e c t s  were m easured on d i f f e r e n t  days f o r  t h e  p a r a l l a x  and s t e r e o  
d e p th  s u r f a c e s .  In  each s e s s i o n ,  a random ised  sequence  of t r i a l s  
c o m p r is in g  f i v e  p r e s e n t a t i o n s o f  t h r e e  d i f f e r e n t  s u r f a c e s ,w a s  p r e s e n t e d  
t o  each  o b s e r v e r .  The t h r e e  s u r f a c e s  were i d e n t i c a l  e x c e p t  t h a t  th e  
s lo p e  o f  th e  s u r r o u n d in g  in d u c in g  s u r f a c e  v a r i e d ,  b e in g  e i t h e r  9 , 18 o r  
33 d e g r e e s  from th e  v e r t i c a l .  On each t r i a l  th e  s lo p e  o f  t h e  c e n t r e  
b a r  was i n t i a l l y  s e t  to  be v e r t i c a l  and th e  o b s e rv e r  was asked  to  judge  
w h e th e r  th e  two h a lv e s ,  o f  t h e  c e n t r e  b a r  ap peared  to  be m is a l ig n e d  and 
w h e th e r  t h e  b a r  a p p e a re d  to  be t w i s t e d  i n  d e p th .  I f  a  c o n t r a s t  e f f e c t  4
was o b s e rv e d ,  t h e  o b s e r v e r  was asked  to  a d j u s t  th e  p o t e n t io m e te r  u n t i l  
t h e  b a r  no l o n g e r  a p p e a re d  t w i s t e d  and th e  two h a lv e s  were a l i g n e d .  
O b s e rv e r s  w ere  g iv en  a maximum o f  20 s e c s  to  make a  s e t t i n g  and were 
a sk ed  to  s c a n  th e  whole s u r f a c e  d u r in g  t h i s  t im e to  a v o id  t h e  b u i l d  up 
o f  a  d e p th  a f t e r e f f e c t .  The amount of s lo p e  t h a t  had to  be added i n  to  
c a n c e l  t h e  c o n t r a s t  e f f e c t  was r e c o r d e d  and th e  mean s e t t i n g  f o r  each  
o f  th e  t h r e e  s u r f a c e s  was t a k e n  as  a m easure  o f  th e  s t r e n g t h  o f  th e  
e f f e c t .  The c o n t r a s t  e f f e c t  was m easured  f o r  seven  o b s e r v e r s  f o r  b o th  
p a r a l l a x  and s t e r e o s c o p i c  d e p th  s u r f a c e s .  In  each c a s e ,  f i v e  o b s e r v e r s
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"'■'iwere n a iv e  to  t h e  pu rpose  o f  th e  e x p e r im e n t .  j
6 .4  R e s u l t s .
' I n i t i a l l y  t h e  d e p th  s u r f a c e  was p r e s e n te d  w i th  t h e  two h a lv e s  o f  i
t h e  c e n t r e  b a r  s e t  to  be p h y s i c a l l y  v e r t i c a l .  A l l  s e v e n  o b s e r v e r s
r e p o r t e d  a s u b s t a n t i a l  c o n t r a s t  e f f e c t  on v iew in g  th e  d e p th  s u r f a c e .  in
The c e n t r e  b a r  a p p e a re d  to  be t w i s t e d  a lo n g  i t s  l e n g t h  so t h a t  each
h a l f  a p p e a re d  to  s lo p e  i n  th e  o p p o s i t e  d i r e c t i o n  to  i t s  s u r r o u n d in g
s u r f a c e .  T h is  was t r u e  bo th  when th e  d e p th  s u r f a c e  was s p e c i f i e d  by 
r e l a t i v e  m o tio n  and when i t  was s p e c i f i e d  by b i n o c u l a r  d i s p a r i t i e s .  
O b s e rv e r s  found th e  n u l l i n g  t a s k  s t r a i g h t f o r w a r d  and were a b l e  to  
c a n c e l  th e  c o n t r a s t  e f f e c t  by a d j u s t i n g  th e  s lo p e s  o f  th e  two h a lv e s  of 
t h e  c e n t r e  b a r  u n t i l  th e y  a p p e a re d  to  be a l i g n e d .  The mean amount of
s lo p e  t h a t  had to  be i n t r o d u c e d  to  c a n c e l  th e  c o n t r a s t  e f f e c t  was
e x p re s s e d  b o th  i n  a b s o l u t e  t e r m s ,  as  t h e  d e g re e  of  in d u ced  s l o p e ,  and 
i n  p e r c e n ta g e  te rm s ,  as a p e r c e n ta g e  o f  th e  s lo p e  o f  th e  in d u c in g  
s u r f a c e .  A 0% e f f e c t ,  t h e r e f o r e ,  would have o c c u r r e d  when, a t  th e  n u l l  
p o s i t i o n ,  t h e  two h a lv e s  were s e t  to  be t r u l y  v e r t i c a l  and a 100%
e f f e c t  would have o c c u r r e d  when th e y  w ere  s e t  a t  th e  same s lo p e  a s  th e  
s u r r o u n d in g  s u r f a c e .  The d a ta  o b t a in e d  f o r  p a r a l l a x  and s t e r e o s c o p i c  
s u r f a c e s  a r e  p l o t t e d  i n  a b s o l u t e  te rm s i n  F ig u r e s  6 .5 a  and 6 .6 a
r e s p e c t i v e l y ,  and i n  p e rc e n ta g e  te rm s  i n  F ig u re s  6 .5 b  and 6 .6 b .  The 
d a t a  shown a r e  mean d a ta  f o r  th e  seven  o b s e rv e r s  (d iam onds)  and 
i n d i v i d u a l  d a t a  f o r  two e x p e r ie n c e d  o b s e r v e r s .
L a rg e  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  o f  a round  30% to  40% were 
found  f o r  b o th  p a r a l l a x  and s t e r e o s c o p i c  s u r f a c e s .  As th e  s lo p e  o f  th e
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S im u lta n e o u s  c o n t r a s t  e f f e c t s  f o r  m o tio n  p a r a l l a x  d e p th :  The amount o f  
p h y s i c a l  s lo p e  t h a t  had t o  be  i n t r o d u c e d  i n t o  t h e  c e n t r e  b a r  t o  make t h e  
two h a lv e s  a p p e a r  a l i g n e d ,  i s  shown as  a  f u n c t i o n  o f  th e  s lo p e  o f  th e  
in d u c in g  s u r f a c e  ( a ) .  The same d a t a  a r e  r e p l o t t e d  i n  (b )  a s  a p e r c e n ta g e  
o f  t h e  s lo p e  o f  t h e  a d a p t in g  s u r f a c e .  Mean d a t a  f o r  se v e n  o b s e r v e r s  
(d iam onds) and i n d i v i d u a l  d a t a  f o r  two e x p e r ie n c e d  o b s e r v e r s  MEG ( c i r c l e s )  
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F ig u r e  6 .6 .
S im u l ta n e o u s  c o n t r a s t  e f f e c t s  f o r  s t e r e o s c o p i c  d e p th :  The amount o f  s lo p e  
t h a t  had to  be  i n t r o d u c e d  i n t o  t h e  c e n t r e  b a r  t o  c a n c e l  t h e  c o n t r a s t  e f f e c t  
i s  shown a s  a  f u n c t i o n  o f  t h e  s lo p e  o f  t h e  i n d u c in g  s u r f a c e  ( a ) . The 
same d a t a  a r e  r e p l o t t e d  i n  (b) a s  th e  p e rc e n ta g e  o f  t h e  s lo p e  o f  t h e  
in d u c in g  s u r f a c e  t h a t  was n e c e s s a r y  t o  c a n c e l  t h e  c o ,n t r a s t  e f f e c t .  Mean 
d a t a  a r e  shown f o r  se v en  o b s e r v e r s  (d iam onds) and i n d i v i d u a l  d a t a  f o r  
MEG r c l e s i  an d  R TP m 1 a r r )
i )  V e l o c i t y  c o n t r a s t  e f f e c t s
inducing surface increased, the absolute size of the contrast effect
M-a l s o  i n c r e a s e d .  T his  i n c r e a s e  was r o u g h l y . l i n e a r  f o r  p a r a l l a x  s u r f a c e s  |
so  t h a t  t h e  p e rc e n ta g e  e f f e c t  rem ained  ro u g h ly  c o n s t a n t .  For  
s t e r e o s c o p i c  s u r f a c e s  t h e  p e r c e n ta g e  e f f e c t  d e c re a s e d  w i th  i n c r e a s i n g  
in d u c in g  s l o p e .
6 .5  D i s c u s s i o n .
The l a r g e  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  found i n  t h i s  e x p e r im e n t  
d e m o n s t r a te  t h a t  s p a t i a l  i n t e r a c t i o n s  a r e  an  im p o r ta n t  a s p e c t  of 
p r o c e s s in g  f o r  b o th  th e  m o tio n  p a r a l l a x  and s t e r e o s c o p i c  d e p th  sy s te m s  
(Graham and R o g e rs ,  1 9 8 2 a ) .  T h is  s u g g e s t s  t h a t  th e  s p a t i a l  
o r g a n i s a t i o n  of th e  u n d e r l y i n g  p r o c e s s in g  mechanisms m ight be an 
e s s e n t i a l  f e a t u r e  i n  e x t r a c t i n g  in f o r m a t io n  abou t  d e p th  s t r u c t u r e .
f
F o r  d ep th  s u r f a c e s  s p e c i f i e d  by m otion  p a r a l l a x  i t  seems l i k e l y
t h a t  th e  p r e s e n c e  of d e p th  c o n t r a s t  e f f e c t s  i s  r e l a t e d  to  some v e l o c i t y
c o n t r a s t  e f f e c t s  which have  been  r e p o r t e d  p r e v i o u s ly  i n  th e  l i t e r a t u r e .
I n  1973, f o r  exam ple , Loomis and Nakayama r e p o r t e d  t h a t  two s p o t s  w hich  
w ere  p h y s i c a l l y  moving w i th  t h e  same v e l o c i t y ,  a p p e a re d  to  move a t  v e ry  
d i f f e r e n t  v e l o c i t i e s  . when one s p o t  was su rro u n d ed  by d o t s  moving a t  a 
f a s t e r  r a t e  and the  o t h e r  was su rro u n d e d  by s lo w e r  moving d o ts  ( F ig u r e  
6 . 7 a ) .  The s p o t  s u r ro u n d e d  by s lo w e r  moving d o t s  ap peared  to  move 3
f a s t e r  t h a n  th e  s p o t  s u r ro u n d e d  by f a s t e r  moving d o t s .  Loomis and . il 
Nakayama s u g g e s te d  t h a t  t h i s  v e l o c i t y  c o n t r a s t  e f f e c t  was due to  
v e l o c i t y ,  p r o c e s s in g  m echanisms which respond  to  r e l a t i v e  movement 
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F ig u re  6 .7 .
V e l o c i t y  c o n t r a s t  e f f e c t s : - ( a )  Loomis and Nakayama (1973) found  t h a t  two 
s p o t s  w hich  were moving w i t h  t h e  same v e l o c i t y  a p p e a re d  to  be  moving a t  
d i f f e r e n t  v e l o c i t i e s  when one  s p o t  was su rro u n d e d  by s lo w er  moving d o t s  
and th e  o t h e r  by f a s t e r  m oving d o t s ,  (b) A. r e l a t e d  e f f e c t  was n o t i c e d  
by W alker and Pow ell  (1 9 7 4 ) .  When two h a lv e s  o f  a  moving random d o t  
p a t t e r n  moved a t  d i f f e r e n t  v e l o c i t i e s  t h e r e  a p p e a re d  t o  be a g r a d i e n t  
o f  v e l o c i t i e s  w i t h i n  e ach  o f  t h e  two h a lv e s  w hich  s e rv e d  t o  em p h as ise  
t h e  change i n  v e l o c i t y  a t  t h e  b o r d e r  s e p a r a t i n g  th e  two h a l v e s .
I
p r o p e r t i e s  s i m i l a r  to  th o s e  found p h y s i o l o g i c a l l y  (B arlow  and L e v ic k ,  v:
■Sf
1965; S t e r l i n g  and W ic k e lg re n ,  1969; B ridgem an, 1972; B u rn s ,  G assanov |
and Webb, 1972; F r o s t ,  1978; F r o s t  e t  a l . ,  1981; Allman e t  a l . ,  1 9 8 2 ) .
a
A r e l a t e d  f i n d i n g  was r e p o r t e d  by W alker and P o w e l l  (1 9 7 4 ) ,  who 
i n v e s t i g a t e d  t h e  p e r c e iv e d  v e l o c i t i e s  o f  d i f f e r e n t  rows o f  a g r i d  o f  
moving d o t s .  When th e  top  rows o f  t h e  p a t t e r n  were moving a t  tw ic e  th e  
v e l o c i t y  o f  t h e  bo t tom  row s, t h e r e  a p p e a re d  to  be a g r a d i e n t  of ÿ
v e l o c i t y  w i t h i n  th e  uppe r  and low er h a lv e s  which l e d  to  th e  v e l o c i t y  |f
d i f f e r e n c e  a t  t h e  b o r d e r  b e in g  o v e r e s t im a te d  ( F ig u re  6 . 7 b ) .  W alker and 
P o w e l l  e x p l a i n  t h i s  e f f e c t  as  due to  s p a t i a l  i n h i b i t o r y  i n t e r a c t i o n s  
b e tw een  - v e l o c i t y  s e n s i t i v e  c h a n n e ls  which a c t  to  enhance  
d i s c o n t i n u i t i e s  i n  v e l o c i t y .
These  two v e l o c i t y  c o n t r a s t  e f f e c t s  a r e  a n a lo g o u s  to  two o f  th e
d e p th  c o n t r a s t  e f f e c t s  d e s c r i b e d  p r e v i o u s l y  and i l l u s t r a t e d  i n  F ig u re
6 .2 a  and 6 .2 b . ,  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  th e  m o tio n  p a r a l l a x  
c o n t r a s t  e f f e c t s  a r i s e  from th e  o p e r a t i o n  o f  th e  same m echanism s t h a t  
g iv e  r i s e  t h e  v e l o c i t y  c o n t r a s t  e f f e c t s .  T h is  p o s s i b i l t y  i s  s u p p o r te d  sj
by an  o b s e r v a t i o n  r e p o r t e d  i n  t h e  p a p e r  by Loomis and Nakayama (1 9 7 3 ) .
They o b s e rv e d  t h a t ,  a s  th e  d e n s i t y  of th e  d o ts  i n  t h e i r  d i s p l a y  
i n c r e a s e d ,  t h e  d i s p l a y  began to  be p e r c e iv e d  as  a s u r f a c e  s lo p i n g  away
i n  d e p th .  When t h i s  occu red  a l l  t h e  d o ts  a p p eared  to  l i e  on th e
p e r c e iv e d  s u r f a c e  and hence  to  move a t  th e  same v e l o c i t y .  The two
t a r g e t  s p o t s  a l s o  a p p e a re d  to  move a t  th e  same v e l o c i t y  and so th e
v e l o c i t y  c o n t r a s t  e f f e c t  was no lo n g e r  o b s e rv e d .  U n f o r t u n a t e l y ,  th e y  
do n o t  r e p o r t  w h e th e r  a d e p th  c o n t r a s t  e f f e c t  r e p l a c e d  th e  v e l o c i t y  
e f f e c t  so t h a t  one t a r g e t  s p o t  a p p e a re d  to  be n e a r e r  th e  o b s e r v e r  th a n
t h e  o t h e r .  The f i n d i n g s  of th e  p r e s e n t  s tu d y  s u g g e s t  t h a t  d e p th
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contrast effects would be present In this situation.
A c o n v in c in g  d e m o n s t r a t io n  o f  th e  r e l a t i o n  betw een v e l o c i t y  and 
d e p th  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  h a s  been g iv e n  by Holmgren ( 1 9 7 4 ) .  
He looked a t  th e  v e l o c i t y  c o n t r a s t  e f f e c t s  which o c c u r re d  f o r  a  wide 
r a n g e  o f  v e l o c i t y  d i s t r i b u t i o n s .  The s t i m u l i  were random d o t  p a t t e r n s  
th e  rows of which moved i n  th e  same d i r e c t i o n  a t  d i f f e r e n t  s p e e d s .  
O b se rv ers  p e r c e iv e d  a p a t t e r n  of d o t s  c o n t in u o u s ly  moving beh ind  a 
window and th e y  were asked  to  r e p o r t  th e  p e rc e iv e d  v e l o c i t y  of 
d i f f e r e n t  rows of  t h e  p a t t e r n .  S im u lta n e o u s  c o n t r a s t  e f f e c t s  f o r  
v e l o c i t y  were found w hich were an a lo g o u s  to  th e  s t a i r c a s e  and Mach band 
e f f e c t s  which o c c u r  f o r  lum inance  and d e p th  ( F ig u r e  6 . 2 c ) .  The 
p e r c e iv e d  v e l o c i t y  of any row was dependen t  on th e  v e l o c i t y  of 
n e ig h b o u r in g  rows a n d ,  i n  g e n e r a l ,  t h e  p e rc e iv e d  v e l o c i t y  d i f f e r e n c e s  
a t  v e l o c i t y  edges  o r  d i s c o n t i n u i t i e s  were e x a g g e r a te d .  Holmgren a l s o  
n o ted  t h a t  th e s e  v e l o c i t y  p a t t e r n s  o f t e n  gave r i s e  to  th e  p e r c e p t i o n  of 
s t r o n g  d ep th  e f f e c t s  and t h e s e  were accom panied by d e p th  c o n t r a s t  
e f f e c t s .  Where, p r e v i o u s l y ,  i l l u s o r y  bumps had o c c u r r e d  i n  th e  
p e r c e iv e d  v e l o c i t y  p r o f i l e ,  d i t c h e s  and r i d g e s  were now p e r c e iv e d  i n  
th e  d e p th  p r o f i l e .  T ha t i s ,  n e a r  a v e l o c i t y  b o rd e r  o r  d i s c o n t i n u i t y ,  
c o n t r a s t  e f f e c t s  e i t h e r  r e s u l t e d  i n  p e r c e iv e d  i r r e g u l a r i t i e s  of 
v e l o c i t y  w i t h in  th e  a r e a  to  e i t h e r  s i d e  of t h e  b o r d e r ,  o r  i n  p e r c e iv e d  
b u lg e s  and i n d e n t a t i o n s  w i t h i n  a t h r e e - d i m e n s i o n a l  d e p th  s u r f a c e .  In  
summary, i t  seems v e r y  l i k e l y  t h a t  th e  v e l o c i t y  and d e p th ,  c o n t r a s t  
e f f e c t s  a r i s e  from th e  o p e r a t i o n  o f  th e  same m echanism s. Which e f f e c t  
i s  p e rc e iv e d  depends on w h e th e r  th e  v e l o c i t y  d i s t r i b u t i o n s  a r e  
p e r c e iv e d  as  p a t t e r n s  of  r e l a t i v e  m o tion  o r  a r e  i n t e r p r e t e d  a s  t h r e e -  
d im e n s io n a l  s u r f a c e s .  A lthough  n o t  e x p l i c i t l y  m entioned  by Holm gren, 
i t  would be e x p e c t e d ,  from th e  p r e s e n t  f i n d i n g s  on p a r a l l a x  s u r f a c e s ,
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t h a t  th e  p e r c e p t i o n  of a t h r e e - d i m e n s i o n a l  s u r f a c e  would p re d o m in a te  
f o r  h ig h  d e n s i t y  p a t t e r n s ,  w i th  m onocular v ie w in g ,  unde r  c o n d i t i o n s  
where t h e  o v e r a l l  t r a n s l a t i o n  component of th e  s u r f a c e  cou ld  be e a s i l y  
r e g i s t e r e d .
The most d e t a i l e d  s tu d y  o f  s im u l ta n e o u s  v e l o c i t y  c o n t r a s t  was 
c a r r i e d  o u t  by Tynan and S e k u le r  (1 9 7 5 ) .  They looked  a t  th e  p e r c e iv e d  -î
v e l o c i t y  in d u ce d  i n  a c i r c u l a r  r e g i o n  of random d o t s ,  when movement was %
i n t r o d u c e d  i n t o  th e  random d o t  s u r ro u n d .  They found t h a t ,  when th e  
c e n t r e  d o t s  rem ained  s t a t i o n a r y  th e y  were p e rc e iv e d  to  move s lo w ly  in  
th e  o p p o s i t e  d i r e c t i o n .  The v e l o c i t y  of t h i s  in d u ce d  movement soon 
reach ed  an a s y m p to t i c  v a lu e  a s  t h e  su rro u n d  v e l o c i t y  i n c r e a s e d .  Ifhen 
th e  c e n t r e  d o t s  moved a t  a  c o n s t a n t  v e l o c i t y  i n  t h e  o p p o s i t e  d i r e c t i o n  
t o  th e  s u r r o u n d ,  th e  p e r c e iv e d  v e l o c i t y  i n c r e a s e d  s l i g h t l y  a s  th e  
su rro u n d  v e l o c i t y  i n c r e a s e d .  When th ey  moved i n  t h e  same d i r e c t i o n ,  
th e  p e r c e iv e d  v e l o c i t y  f i r s t  d e c re a s e d  th e n  i n c r e a s e d  a s  th e  s u r ro u n d  
speed re a c h e d  and th e n  exceeded  t h a t  of t h e  c e n t r e .  These r e s u l t s  
a g a in  s u g g e s t  t h a t  i n h i b i t o r y  i n t e r a c t i o n s  o c c u r  betw een v e l o c i t y  
s e n s i t i v e  u n i t s  i n  a d j a c e n t  a r e a s  of v i s u a l  s p a c e .  In  a d d i t i o n ,  t h i s  
p a r t i c u l a r  s tu d y  i n d i c a t e s  t h a t  th e s e  i n h i b i t o r y  i n t e r a c t i o n s  show 
v e l o c i t y  t u n in g ,  w i th  maximum i n h i b i t i o n  o c c u r r in g  when c e n t r e  and 
s u rro u n d  move w i t h  th e  same v e l o c i t y .  As th e  d i f f e r e n c e  i n  v e l o c i t y  
betw een c e n t r e  and su rro u n d  i n c r e a s e s  t h e r e  i s  a  r e l e a s e  from 
i n h i b i t i o n  which l e a d s  to  a r e l a t i v e  enhancement o f  th e  v e l o c i t y  i
d i f f e r e n c e .
Tynan and S e k u le r  a l s o  looked  a t  th e  d e p th  s e p a r a t i o n  which was 
p e r c e iv e d  be tw een  th e  c e n t r e  and su rro u n d  i n  t h e i r  d i s p l a y s .  When th e  
c e n t r e  was s t a t i o n a r y  t h e  amount o f  d ep th  s e p a r a t i o n  i n c r e a s e d  w i th  th e
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speed  o f  t h e  s u r r o u n d ,  b u t  when th e  c e n t r e  moved in  a d i r e c t i o n
o p p o s i t e  to  t h e  s u r ro u n d  i t  was in d e p e n d e n t  o f  su rro u n d  sp e e d .  When 
b o th  c e n t r e  and s u r ro u n d  moved i n  t h e  same d i r e c t i o n ,  t h e  p e r c e iv e d  
d e p th  s e p a r a t i o n  i n c r e a s e d  a s  t h e  d i f f e r e n c e  i n  speed i n c r e a s e d .  These 
d e p th  p e r c e p t s  accom panied th e  v e l o c i t y  e f f e c t s  j u s t  d e s c r i b e d ,  and 
w ere  n o t  an a l t e r n a t i v e  p e r c e p t  a s  in  th e  Holmgren s tu d y .  The 
im p o r ta n t  r e s u l t  i s  t h a t  th e  p e rc e iv e d  dep th  s e p a r a t i o n  d id  n o t  
i n c r e a s e  w i th  th e  I n c r e a s i n g  v e l o c i t y  d i f f e r e n c e  when c e n t r e  and
s u r ro u n d  moved i n  o p p o s i t e  d i r e c t i o n s .  Such an i n c r e a s e  would be 
e x p e c te d  from t r a d i t i o n a l  f o r m u la t io n s  of m otion  p a r a l l a x .  I t  i s
p o s s i b l e  t h a t  t h i s  r e s u l t  i s  due to  a  l i m i t  to  th e  p e r c e iv e d  d e p th  
s e p a r a t i o n  t h a t  can be p e r c e iv e d  by a s i n g l e  v e l o c i t y  d i f f e r e n c e .  Once 
t h i s  maximum has been a t t a i n e d  th e  d e p th  s e p a r a t i o n  rem ains  c o n s t a n t  as 
t h e  v e l o c i t y  d i f f e r e n c e  i s  i n c r e a s e d  f u r t h e r .  Support  f o r  t h i s  
argum ent comes from o b s e r v a t i o n s  of m otion  p a r a l l a x  d ep th  s u r f a c e s  
w h e re ,  a s  t h e  a m p l i tu d e  o f  th e  r e l a t i v e  m otion  s i g n a l  i s  i n c r e a s e d  to  a 
l a r g e  v a l u e ,  th e  p e r c e iv e d  d e p th  r e a c h e s  a maximum. Above t h i s  v a lu e  
r e l a t i v e  m o tio n  s t a r t s  to  be p e r c e iv e d  w i t h in  th e  random do t s u r f a c e .  
An a l t e r n a t e  e x p l a n a t i o n  i s  t h a t  th e  p o s t u l a t e d  i n h i b i t o r y  s p a t i a l  
i n t e r a c t i o n s  in  th e  v e l o c i t y  domain o n ly  o c c u r  betw een mechanisms w i th  
t h e  same d i r e c t i o n a l  t u n i n g .  I n  t h i s  c a s e ,  how ever, d i f f e r e n t  
e x p l a n a t i o n s  would have to  be advanced  f o r  th e  v e l o c i t y  and d e p th  
c o n t r a s t  e f f e c t s .
O th e r  s t u d i e s  by A n s t i s  and R e in h a rd t -R u t la n d  (1976) and 
Nakayama and T y le r  (1978) a l s o  s u g g e s t  i n h i b i t o r y  s p a t i a l  c o n n e c t io n s  
i n  t h e  v e l o c i t y  dom ain. Nakayama and T y le r  looked  a t  th e  m otion  
in d u ce d  i n  s t a t i o n a r y  l i n e s  by harm on ic  m otion  of f l a n k in g  l i n e s .  They 
found  t h a t  th e  e x t e n t  o f  in d u ce d  m o tio n  depended on b o th  th e  a m p l i tu d e
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and v e l o c i t y  o f  su r ro u n d  m o tio n .  They i n t e r p r e t  t h e i r  r e s u l t s  i n  te rm s  
o f  h y p o t h e t i c a l  v e l o c i t y  s e n s i t i v e  mechanisms h a v in g  a c e n t r e - s u r r o u n d
qo r g a n i s a t i o n  w i th  r e s p e c t  to  v e l o c i t y  and a  r a n g e  of  r e c e p t i v e  f i e l d
■7ts i z e s ,  w here t h e  p r e f e r r e d  v e l o c i t y  i n c r e a s e s  f o r  I n c r e a s i n g  f i e l d  i
s i z e .  In  t h e i r  l a t e r  s tu d y  on s e n s i t i v i t y  to  s i n u s o i d a l  v e l o c i t y  •
''id i s t r i b u t i o n s  (w h ich  was d i s c u s s e d  i n  c h a p t e r  f o u r ) ,  Nakayama and T y le r  %
(1981a)  f u r t h e r  s u g g e s t  t h a t  th e s e  mechanisms show a  do u b le  opponency 
su c h  t h a t  m o tio n  o p p o s i t e  to  th e  p r e f e r r e d  d i r e c t i o n  i n h i b i t s  th e  
r e s p o n s e  i n  t h e  c e n t r e  o f  th e  r e c e p t i v e  f i e l d  and r e l e a s e s  th e  
i n h i b i t i o n  i n  t h e  s u r r o u n d .
I n  summary, s t u d i e s  o f  s im u l ta n e o u s  v e l o c i t y  c o n t r a s t  s t r o n g l y  
s u g g e s t  th e  e x i s t e n c e  of s p a t i a l  I n t e r a c t i o n s  in  t h e  v e l o c i t y  domain 
w hich  can  b e s t  be c h a r a c t e r i s e d  i n  te rm s  of v e l o c i t y  d e t e c t i n g  ÿ
jm echanism s w hich  have a r e c e p t i v e  f i e l d  s t r u c t u r e  w i th  an e x c i t a t o r y
Ic e n t r e  and i n h i b i t o r y  su rro u n d  and a p r e f e r r e d  v e l o c i t y  which may be «
r e l a t e d  to  t h e  r e c e p t i v e  f i e l d  s i z e .
The s im u l ta n e o u s  d e p th  c o n t r a s t  e f f e c t s  o b t a in e d  i n  t h e  p r e s e n t
s tu d y  f o r  d e p th  s u r f a c e s  s p e c i f i e d  by m o tio n  p a r a l l a x  i n f o r m a t io n  seem 
t o  s h a re  s i m i l a r  c h a r a c t e r i s t i c s  to  th e  p r e v i o u s l y  r e p o r t e d  v e l o c i t y  
c o n t r a s t  e f f e c t s .  I t  seems p o s s i b l e ,  t h e r e f o r e ,  t h a t  t h e  p a r a l l a x
d e p th  c o n t r a s t  e f f e c t s  a r i s e  from th e  r e c e p t i v e  f i e l d  o r g a n i s a t i o n  of  
t h e  v e l o c i t y - s e n s i t i v e  mechanisms which a r e  in v o lv e d  i n  p r o c e s s in g  
d e p th  from r e l a t i v e  m o tio n .  V e lo c i ty  mechanisms w i th  t h e  h y p o t h e s i s e d  
ty p e  o f  r e c e p t i v e  f i e l d  w ould , i n  f a c t ,  be s im p le  ty p e s  of r e l a t i v e
m o t io n ,  o r  s h e a r  d e t e c t o r s ,  and such m echanisms have  been  shown, on
t h e o r e t i c a l  g ro u n d s ,  to  p r o v id e  a good b a s i s  f o r  a m o tion  p a r a l l a x
p r o c e s s in g  sy s tem  (L o n g u e t-H ig g in s  and P ra z d n y ,  1980; K o en d e r in k  and
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van  D oom , 1976; C lo c k s in ,  1 9 8 0 b ) .  M oreover, a s  I n d i c a t e d  i n  th e  l a s t  
c h a p t e r ,  an  e x p l a n a t i o n  o f  t h e  s t r o n g  n e g a t iv e  a f t e r e f f e c t s  o b t a in e d  
f o r  p a r a l l a x  d e p th  can  b e s t  be e x p la in e d  i n  term s o f  such  m echanism s. 
T h is  argum ent would im ply  t h a t  d e p th  c o n t r a s t  e f f e c t s  a r i s e  from th e  
s p a t i a l  i n t e r a c t i o n s  be tw een  v e l o c i t y  mechanisms r a t h e r  th a n  a t  t h e  
l e v e l  of d e p th  p r o c e s s in g  i t s e l f .  From th e  r e s u l t s  so f a r  i t  ' i s  n o t  
p o s s i b l e  to  d e c id e  w h e th e r  s p a t i a l  i n t e r a c t i o n s  a l s o  o c c u r  a t  th e  
h i g h e r  l e v e l  where t h e  r e l a t i v e  m otion  i s  d isa m b ig u a te d  and d e p th  
i n f o r m a t io n  e x t r a c t e d .  I f  s p a t i a l  i n t e r a c t i o n s  o n ly  o c c u r  w i t h i n  
v e l o c i t y  mechanisms i t  would seem u n l i k e l y  t h a t  d e p th  i n f o r m a t io n  from 
m o tio n  p a r a l l a x  and s t e r e o p s i s  co u ld  d i r e c t l y  i n t e r a c t  i n  any 
q u a n t i t a t i v e  way. E x p e r im e n ts  d e s ig n e d  to  look  a t  i n t e r a c t i o n s  be tw een  
s t e r e o p s i s  and p a r a l l a x  a r e  r e p o r t e d  i n  c h a p te r  e i g h t .
i i )  S t e r e o s c o p ic  D epth  C o n t r a s t
The p r e s e n t  e x p e r im e n t  found t h a t  l a r g e  s im u l ta n e o u s  c o n t r a s t  
e f f e c t s  a l s o  o c c u r r e d  f o r  d e p th  s u r f a c e s  s p e c i f i e d '  by b i n o c u l a r  
d i s p a r i t i e s .  I t  was s u g g e s te d  in  th e  l a s t  c h a p te r  t h a t  t h e  n e g a t i v e  
a f t e r e f f e c t s  o b t a i n e d ' f o r  s t e r e o s c o p i c  d e p th  can b e s t  be e x p la in e d  in  
te rm s  of mechanisms which p r o c e s s  r e l a t i v e  d i s p a r i t y ,  o r  changes i n  
d i s p a r i t y  over  s p a c e .  The d e m o n s t r a t io n  o f  s im u l ta n e o u s  c o n t r a s t  f o r  
s t e r e o s c o p i c  d e p th  i n d i c a t e s  t h a t  s p a t i a l  i n t e r a c t i o n s ,  p r o b a b ly  o f  an 
i n h i b i t o r y  k i n d ,  o c c u r  f o r  t h e  d i s p a r i t y  p r o c e s s in g  o f  n e ig h b o u r in g  
a r e a s .  I t  i s  l i k e l y ,  t h e r e f o r e ,  t h a t  mechanisms re s p o n d in g  to  r e l a t i v e  
d i s p a r i t y  a l s o  show th e  ty p e  o f  c e n t r e - s u r r o u n d  r e c e p t i v e  f i e l d  
o r g a n i s a t i o n  t h a t  h as  been  s u g g e s te d  f o r  p a r a l l a x  m echanism s. Such a 
c o n c lu s io n  i s  i n  ag reem en t  w i th  th e  f i n d i n g s  o f  Schumer and Ganz (1979)  
who p o s t u l a t e d  t h e  e x i s t e n c e  o f  c e n t r e  su rro u n d  mechanisms o f  d i f f e r e n t
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r e c e p t i v e  f i e l d  s i z e s  to  e x p la in  t h e  summation and t h r e s h o l d  e l e v a t i o n  
e f f e c t s  which th e y  o b ta in e d  f o r  s t e r e o s c o p i c  s u r f a c e s .
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The s i m i l a r i t y  in  th e  r e c e p t i v e  f i e l d  c h a r a c t e r i s t i c s  o f  th e  
u n d e r l y i n g  d e p th  p r o c e s s in g  mechanisms in  th e  m o tion  p a r a l l a x  and | |
s t e r e o s c o p i c  s y s te m s ,  would acco u n t  f o r  th e  o b se rv e d  s i m i l a r i t y  in  th e  
p e r c e iv e d  d e p th  c o n t r a s t  e f f e c t s .  The r e l a t i o n s h i p  be tw een  th e  d e g re e  
o f  in d u c in g  s lo p e  and th e  s i z e  o f  t h e  c o n t r a s t  e f f e c t s  w as, how ever, 
found to  be s l i g h t l y  d i f f e r e n t  f o r  m otion  p a r a l l a x  and s t e r e o p s i s .
T h is  may be due to  s l i g h t  d i f f e r e n c e s  i n  t h e  s p a t i a l  e x t e n t s  o f  th e 1d e p th  r e c e p t i v e  f i e l d s  i n  th e  two c a s e s ,  b u t  more p r o b a b ly  r e f l e c t s  %
d i f f e r e n c e s  i n  t a s k  r e q u i r e m e n ts .  '
One im p o r ta n t  s im u l ta n e o u s  c o n t r a s t  e f f e c t  w hich has  been s tu d i e d  
i n  th e  lum inance  domain i s  th e  C r a ik -O 'B r ie n -C o rn s w e e t  i l l u s i o n .  
I n v e s t i g a t i o n s  o f  an a n a lo g o u s  e f f e c t  i n  th e  d e p th  domain have y i e l d e d  
some i n t e r e s t i n g  d a ta  which shed some more l i g h t  on th e  n a tu r e  o f  th e  
mechnisms u n d e r ly in g  d e p th  p r o c e s s in g  and i n  p a r t i c u l a r  on th e  l i k e l y  , 
r e c e p t i v e  f i e l d  o r g a n i s a t i o n  of such  m echanism s. These e x p e r im e n ts  a r e  
d e s c r i b e d  i n  t h e  f o l lo w in g  c h a p t e r .  |
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Chapter 7 Anisotropy in the Processing of Depth Information
7 .1  The C ra ik -O ^ B r le n -C o rn sw e e t  i l l u s i o n  f o r  d e p th . i
i )  P r e l i m i n a r y  o b s e r v a t i o n s
I n  t h e  l a s t  c h a p t e r ,  t h e  e x i s t e n c e  of s t r o n g  s im u l ta n e o u s  c o n t r a s t  
e f f e c t s  was used to  a rg u e  f o r  t h e  p re s e n c e  of s p a t i a l  i n t e r a c t i o n s  i n  "A
b o th  th e  p a r a l l a x  and s t e r e o  p r o c e s s in g  sy s te m s .  These c o n t r a s t  
e f f e c t s  show t h a t  th e  p e r c e iv e d  dep th  of an a r e a  can be g r e a t l y  
a f f e c t e d  by th e  d e p th  v a lu e s  of a d ja c e n t  a r e a s .  The s p a t i a l  
a r ra n g e m e n t  of r e l a t i v e  m o tio n s  o r  d i s p a r i t i e s  i s  t h e r e f o r e  c r u c i a l  i n  
d e te r m in in g  p e r c e iv e d  d e p th .  T h is  c h a p te r  i n i t i a l l y  d e s c r i b e s  an 
e x p e r im e n t  which looked  a t  a n o th e r  example o f  th e  i n f l u e n c e  of s p a t i a l  
i n t e r a c t i o n s  i n  d e p th  p r o c e s s i n g .
In  t h e  p r e v io u s  c h a p t e r  d e p th  c o n t r a s t  e f f e c t s  were d e s c r ib e d  
w hich a p p e a r  to  be a n a lo g o u s  to  c o n t r a s t  e f f e c t s  which o c c u r  w i t h in  
o t h e r  s t i m u lu s  d im e n s io n s  such as  lum inance  o r  v e l o c i t y .  One of th e  
m ost i n t e r e s t i n g  c o n t r a s t  e f f e c t s  i n  th e  lum inance  domain i s  th e  C r a ik -  
O ^B rien -C ornsw ee t  i l l u s i o n ,  named a f t e r  th e  r e s e a r c h e r s  who 
i n d e p e n d e n t ly  r e p o r t e d  th e  e f f e c t  (C ra ik ,  1966; 0 " B r ie n ,  1958; 
C o rnsw ee t,  1970) .  The i l l u s i o n  o c c u rs  when v iew ing  a p a t t e r n  w i th  th e  
lum inance  p r o f i l e  shown i n  F ig u r e  7 .1 .  The p r o f i l e  c o n s i s t s  of two 
a r e a s  o f  e q u a l  lum inance  s e p a r a t e d  by a s p u r - s h a p e d  change i n  
lu m in a n c e .  On v iew in g  such  a p a t t e r n ,  th e  two e q u i- lu m in o u s  a r e a s  
a p p e a r  t o  be of v e r y  d i f f e r e n t  b r ig h t n e s s e s  ( F ig u r e  7 . 1 ) ,  T h is  
i l l u s o r y  b r i g h t n e s s  d i f f e r e n c e  h as  been a t t r i b u t e d  to  th e  r e l a t i v e
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The C ra ik -O 'B r ie n -C o rn s w e e t  i l l u s i o n  f o r  lum inance :
Due to  th e  v a r i a t i o n  in  lum inance  a t  th e  c o n to u r ,  t h e  c e n t r e  o f  
th e  p a t t e r n  a p p e a rs  to  be b r i g h t e r  th a n  th e  s u r r o u n d ,  a l th o u g h  
p h y s i c a l l y  th e y  a r e  b o th  a t  th e  same lum inance . The lum inance  
p r o f i l e  o f  th e  p a t t e r n  i s  shown u n d e rn e a th .
« i
I n s e n s i t i v i t y  o f  th e  v i s u a l  system  t o  th e  s lo w ly  chang ing  lum inance  
g r a d i e n t s  i n  th e  p a t t e r n  compared to  th e  s h a rp  change a t  th e  c e n t r e  o f  i
It h e  p a t t e r n .  The v i s u a l  sy s tèm es  r e s p o n s e  to  th e  sh a rp  change
vlt h e r e f o r e  o u tw e ighs  t h a t  due to  th e  s lo w e r  change and a s t e p  change i n  j'I
b r i g h t n e s s  i s  s i g n a l l e d  ( A n s t i s ,  1975; R a t l i f f ,  1972 ) .  I t  i s  g e n e r a l l y  
t h o u g h t  t h a t  t h e  i n s e n s i t i v i t y  to  low f re q u e n c y  change r e f l e c t s  th e  S
o p e r a t i o n  o f  l a t e r a l  i n h i b i t o r y  i n t e r a c t i o n s  betw een lum inance
p r o c e s s i n g  mechanism s ( R a t l i f f ,  1965; C o rnsw ee t,  1970). T h is  
i n s e n s i t i v i t y  i s  a l s o  r e f l e c t e d  i n  th e  h i g h e r  d e t e c t i o n  t h r e s h o l d s  
w hich  a r e  o b se rv e d  f o r  c o n t r a s t  m odu la ted  g r a t i n g s  o f  low s p a t i a l  
f r e q u e n c i e s  (Cam pbell and R obson, 1968).
I
An an a lo g o u s  C ra ik -O ^ B rie n -C o rn sw e e t  i l l u s i o n  in  th e  d e p th  
domain was r e p o r t e d  i n  1978 by A n s t i s ,  Howard and Rogers f o r  
s t e r e o s c o p i c  d e p th  s u r f a c e s .  They produced  s t e r e o s c o p i c  d e p th  s u r f a c e s  
w hich  had a d e p th  p r o f i l e  s i m i l a r  to  t h e  lum inance  p r o f i l e  t h a t  
p ro d u c e s  th e  i l l u s i o n  i n  lu m in a n c e .  T h is  d e p th  s u r f a c e  i s  i l l u s t r a t e d  
i n  F ig u r e  7 .2 b .  I t  c o n s i s t e d  o f  two a r e a s  a t  th e  same d e p th  which were 
s e p a r a t e d  by a s p u r - s h a p e d  change i n  d e p th  where th e  s u r f a c e  cu rved  
away from  th e  o b s e r v e r ,  th e n  came s h a r p l y  fo rw ard  and f i n a l l y  c u rv e d  
more s lo w ly  back to  t h e  d e p th  o f  th e  f l a n k .  A n s t i s ,  Howard and Rogers 
found  t h a t  th e  two a r e a s  a t  e i t h e r  s id e  o f  th e  p r o f i l e ,  w hich were 
e q u i d i s t a n t  from th e  o b s e r v e r ,  a p p e a re d  to  l i e  a t  d i f f e r e n t  d e p th s  w i th  
t h e  r i g h t  hand f l a n k  a p p e a r in g  to  be n e a r e r  th a n  th e  l e f t .  T h is  
i l l u s o r y  dep th  d i f f e r e n c e  was, t h e r e f o r e ,  d i r e c t l y  a n a lo g o u s  to  th e  
i l l u s o r y  b r i g h t n e s s  d i f f e r e n c e  p e r c e iv e d  on v iew ing  th e  Cornsweet 
lu m in an c e  p r o f i l e .
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Cornsweet d e p th  s u r f a c e s  w i th  a d e p th  p r o f i l e  s i m i l a r  i n  shape  to  
th e  lum inance  p r o f i l e  shown i n  F ig u re  7 .1 .  The d e p th  s u r f a c e s  c o n s i s t  
o f  two a r e a s  a t  t h e  same d e p th  which a r e  s e p a r a t e d  by a s p u r - s h a p e d  
change i n  d e p th .  Cornsweet s u r f a c e s  cou ld  be p roduced  w i th  th e  
c e n t r a l  Cornsw eet edge o r i e n t e d  e i t h e r  h o r i z o n t a l l y  (a )  o r  




s t e r e o s c o p i c  and p a r a l l a x  s u r f a c e s ,  i t  was d e c id e d  to  i n v e s t i g a t e  th e  
C ornsw eet d e p th  i l l u s i o n  a s  an a d d i t i o n a l  example o f  s p a t i a l  
i n t e r a c t i o n s  i n  th e  d e p th  domain. A p a r a l l a x  d e p th  s u r f a c e  w i th  a 
Cornsw eet p r o f i l e  was p roduced  i n  th e  u s u a l  way. A waveform o f  th e  
same shape a s  th e  d e s i r e d  d e p th  p r o f i l e  was a m p l i tu d e  m o d u la ted  
a c c o r d in g  to  th e  p o s i t i o n  o f  th e  o b s e rv e r  who moved from s id e  to  s id e  
w h i l e  v iew in g  t h e  s u r f a c e .  In  p r e l i m i n a r y  o b s e r v a t io n s  i t  was found 
t h a t  a p a r a l l a x  d e p th  s u r f a c e  w i th  a Cornsweet shaped p r o f i l e  was 
p e r c e iv e d  v e r i d i c a l l y . T hat i s ,  t h e  ex p e c te d  i l l u s o r y  d e p th  d i f f e r e n c e  
be tw een  th e  f l a n k s  of t h e  p r o f i l e  was n o t  o b s e rv e d .  T h is  u n e x p e c te d  4
r e s u l t  was a l s o  o b t a in e d  i n  a  s u b seq u e n t  a t t e m p t  to  r e p l i c a t e  th e  
e a r l i e r  s tu d y  oJ^  A n s t i s ,  Howard and Rogers u s in g  s t e r e o s c o p i c  d e p th  
s u r f a c e s  s p e c i f i e d  by b i n o c u l a r  d i s p a r i t i e s .  A ga in ,  when a 
s t e r e o s c o p i c  s u r f a c e  w i th  a  Cornsweet p r o f i l e  was o b s e rv e d ,  t h e  two 
f l a n k i n g  a r e a s  w hich were p h y s i c a l l y  a t  th e  same d e p th  were p e r c e i v e d ,  
v e r i d i c a l l y ,  to  l i e  a t  th e  same d i s t a n c e  from th e  o b s e r v e r .  No ■!
Ii l l u s o r y  d e p th  e f f e c t  was o b s e rv e d ,  a f i n d i n g  which f a i l e d  to  c o n f i rm  
th e  o b s e r v a t io n s  by A n s t i s ,  Howard and R o g e rs .
W hile i n v e s t i g a t i n g  th e  . r e a s o n s  f o r  t h i s  f a i l u r e  t o  r e p l i c a t e  
t h e  e a r l i e r  s tu d y ,  i t  was found t h a t  th e  o r i e n t a t i o n  of  th e  d e p th  
s u r f a c e  a p p e a re d  to  be an im p o r ta n t  p a ra m e te r .  ‘^Jhen t h e  s u r f a c e  was 
o r i e n t e d  so t h a t  t h e  s h a rp  edge was h o r i z o n t a l  (F ig u r e  7 .2 a )  t h e r e  was 
l i t t l e  o r  no d e p th  i l l u s i o n ,  bu t  an i l l u s o r y  d e p th  d i f f e r e n c e  betw een f
t h e  e q u i d i s t a n t  f l a n k i n g  a r e a s  was o b se rv ed  when th e  Cornsw eet edge was
o r i e n t e d  v e r t i c a l l y  ( F ig u r e  7 .2 b ) .  In  th e  p r e l i m i n a r y  o b s e r v a t i o n s ,  I
w hich  had been  made f o r  p a r a l l a x  s u r f a c e s ,  th e  C ornsw eet d e p th  s u r f a c e  
had been p r e s e n te d  w i th  th e  sh a rp  c o n to u r  o f  t h e  p r o f i l e  l y in g  ;






It h e  d e p th  s u r f a c e  had been  p r e s e n t e d  w i th  t h e  c o n to u r  o r i e n t e d  M
v e r t i c a l l y .  T h is  seemed t o  be th e  c r u c i a l  d i f f e r e n c e  which d e te rm in e d
w h e th e r  an i l l u s o r y  d e p th  d i f f e r e n c e  was p e rc e iv e d  betw een th e
e q u i d i s t a n t  f l a n k s  of  th e  s u r f a c e .  To f u r t h e r  e x p lo r e  t h i s  I n t e r e s t i n g  I1
a n i s o t r o p y ,  a d e t a i l e d  s tu d y  o f  th e  Cornsweet d e p th  i l l u s i o n  was fl
c a r r i e d  o u t  f o r  b o th  p a r a l l a x  and s t e r e o s c o p i c  d e p th  s u r f a c e s .  I n  each  
c a s e ,  t h e  e x t e n t  o f  t h e  i l l u s i o n  was m easured f o r  C o rnsw ee t-shaped  
d e p th  s u r f a c e s  w hich were e i t h e r  o r i e n t e d  w i th  th e  c o n to u r  h o r i z o n t a l  
o r  w i th  th e  c o n to u r  v e r t i c a l .
I n  a d d i t i o n ,  th e  e x t e n t  o f  t h e  C ornsw eet i l l u s i o n  was m easured  
a s  a f u n c t i o n  o f  th e  w id th  o f  t h e  a r e a  of th e  chang ing  p a r t  o f  th e
d e p th  s u r f a c e .  S in c e ,  in  t h e  lu m in an ce  domain, th é  i l l u s i o n  i s  
a t t r i b u t e d  to  a r e l a t i v e  i n s e n s i t i v i t y  to  slow  changes i n  lu m in an c e ,  
t h e  r a t e  o f  change in  d e p th  of  t h e  v a r i o u s  p a r t s  o f  th e  p r o f i l e  was %
th o u g h t  to  be l i k e l y  to  i n f l u e n c e  the. e x t e n t  o f  th e  i l l u s i o n  i n  th e  
d e p th  dom ain. V ary ing  th e  a r e a  o f  t h e  c e n t r a l  p a r t  of th e  p r o f i l e  
changed  th e  r a t e  of change i n  d e p th  and hence  th e  p redom inan t d e p th  
s p a t i a l  f r e q u e n c ie s  p r e s e n t  in  t h e  s u r f a c e .
i i )  Methods and P ro c e d u re
The m o tion  p a r a l l a x  and s t e r e o s c o p i c  d i s p l a y  c h a r a c t e r i s t i c s  
w ere  th e  same as  th o s e  used  i n  p r e v io u s  e x p e r im e n t s .  A s i g n a l  of th e  
same shape as  th e  d e s i r e d  Cornsw eet p r o f i l e  was produced  u s in g  th e  
W avetek 175 a r b i t r a r y  waveform g e n e r a t o r  which was pre-program m ed by 
t h e  com pu te r .  T h is  s i g n a l  was a m p l i tu d e  m odula ted  to  p ro v id e  th e  
r e l a t i v e  m otion  s i g n a l  f o r  th e  p a r a l l a x  d i s p l a y ,  or was used  to  
i n t r o d u c e  b i n o c u l a r  d i s p a r i t i e s  i n  th e  s t e r e o s c o p i c  d i s p l a y .  The
J
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C ornsw eet p r o f i l e  can be c o n s id e r e d  to  be t h e  sum of two og ive
f u n c t i o n s  c o n t a i n i n g  d i f f e r e n t  r a t e s  of change ( F ig u r e  7 . 3 a ) .  One 
o g iv e  s p e c i f i e s  a  s lo w ly  c h a n g in g  s t e p  i n  one d i r e c t i o n  w h i le  th e  o th e r  
s p e c i f i e s  a  f a s t e r  c h an g in g  s t e p  i n  t h e  o p p o s i t e  d i r e c t i o n .  When th e  
a m p l i t u d e  o f  t h e  two components i s  e q u a l  a p r o f i l e  o f  th e  t r a d i t i o n a l  
C ornsw ee t  shape  i s  p ro d u ce d .  I f  t h e  a m p l i tu d e s  a r e  n o t  e q u a l  t h e r e  i s  
a n  o f f s e t  be tw een  th e  two f l a n k s  o f  th e  p r o f i l e  (F ig u r e  7 .3 b  and c ) .  A 
C ornsw ee t d e p th  i l l u s i o n  i s  o b s e rv e d  when th e  two e q u i d i s t a n t  f l a n k in g  
a r e a s  of t h e  d e p th  s u r f a c e  a r e  p e r c e iv e d  to  l i e  a t  d i f f e r e n t  d e p th s .
The i l l u s i o n ,  t h e r e f o r e ,  shows th e  same e f f e c t  as  r e d u c in g  th e
a m p l i tu d e  o f  th e  s lo w ly - c h a n g in g  o g iv e ,  which i n t r o d u c e s  an o f f s e t
be tw een  th e  two f l a n k i n g  a r e a s .  T h is  f a c t  was e x p l o i t e d  to  a l lo w  th e  
e x t e n t  of t h e  Cornsweet i l l u s i o n  to  be m easu red .
A n u l l i n g  t a s k  was u se d  to  m easu re  th e  e x t e n t  o f  th e  i l l u s i o n .
The o b s e r v e r a s  t a s k  was to  c a n c e l  t h e  i l l u s o r y  d e p th  d i f f e r e n c e   ^
p e r c e i v e d  be tw een  th e  f l a n k s  o f  t h e  d e p th  s u r f a c e  so t h a t  th e y  a ppeared  
t o  l i e  a t  t h e  same d e p th .  To do t h i s  t h e  o b s e rv e r  e f f e c t i v e l y  a d ju s t e d  
t h e  a m p l i tu d e  o f  th e  f a s t e r  c h a n g in g  og ive  component of th e  d ep th
p r o f i l e .  T h is  had th e  e f f e c t  o f  a d j u s t i n g  th e  r e l a t i v e  d e p th  of th e
two f l a n k s .  I f ,  a s  in  th e  lu m in an c e  dom ain, th e  d e p th  i l l u s i o n  i s  due 
t o  th e  r e l a t i v e  i n s e n s i t i v i t y  o f  t h e  sys tem  to  th e  s lo w e r  chang ing  
component o f  t h e  p r o f i l e  compared w i th  t h e  f a s t e r  chang ing  p r o f i l e ,  
t h e n  th e  i l l u s i o n  has  th e  same e f f e c t  a s  a  r e d u c t io n  i n  th e  a m p li tu d e  
o f  th e  slow  component. The t a s k  o f  c a n c e l l i n g  th e  i l l u s o r y  d e p th  
d i f f e r e n c e  i s  th e n  e q u i v a l e n t  to  making th e  e f f e c t i v e  a m p l i tu d e  o f  th e  
two components e q u a l ,  t h a t  i s ,  o f  r e d u c in g  th e  a m p l i tu d e  o f  th e  f a s t e r  
c h a n g in g  component u n t i l  i t  m a tch es  th e  e f f e c t i v e  a m p l i tu d e  o f  t h e  
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The C ornsw eet p r o f i l e  can be c o n s id e r e d  to  be th e  sum o f  two o g iv e  
f u n c t i o n s  c o n t a i n i n g  d i f f e r e n t  r a t e s  o f  change ( a ) .  I f  t h e  a m p l i t u d e s 'o  
t h e  two o g iv e s  a r e  n o t  e q u a l  t h e r e  i s  an  o f f s e t  be tw een  t h e  two f l a n k s  
t h e  compound p r o f i l e  (b and c ) . I n  t h e  Cornsweet i l l u s i o n ,  when t h e  two 
f l a n k s  a r e  e q u i d i s t a n t ,  t h e y  a p p e a r  t o  b e  o f f s e t  i n  d e p t h  i n  t h e  
d i r e c t i o n  shown i n  ( b ) .  The i l l u s o r y  e f f e c t  can  t h e r e f o r e  be  m easu red  
by r e d u c in g  t h e  a m p l i tu d e  of t h e  f a s t e r  ch an g in g  o g iv e  component ( a s  
i n  ( c ) ) ,  w h ich  i n t r o d u c e s  a p h y s i c a l  o f f s e t  be tw een  th e  f l a n k s , ( u n t i l  
t h e  i l l u s o r y  o f f s e t  h a s  been  c a n c e l l e d  and th e  two f l a n k s  a p p e a r  t o  be 
e q u i d i s t a n t .
f
o f
t h e  c h a p t e r ,  I t  had been  found t h a t  t h e  n u l l  judgem en ts  were a f f e c t e d  
by l a r g e  o b s e rv e r  b i a s e s  i n  t h e  s e t t i n g  o f  t h e  a p p a re n t  v e r t i c a l .  The
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e x p re s s e d  as  th e  p e r c e n ta g e  r e d u c t i o n  i n  t h e  a m p l i tu d e  of  th e  f a s t e r
c h a n g in g  component t h a t  was needed  to  com pensate  f o r  th e  v i s u a l  
s y s tè m e s  i n s e n s i t i v i t y  to  th e  s lo w e r  com ponent. In  t h e s e  te rm s ,  a z e ro  I
p e r c e n t  e f f e c t  was one i n  w h ic h ,  a t  t h e  n u l l  s e t t i n g ,  th e  two f l a n k s  ,%
w ere  s e t  to  be p h y s i c a l l y  e q u i d i s t a n t .  A hundred  p e r  c e n t  e f f e c t ,  on 
t h e  o t h e r  hand , was one where th e  a m p l i tu d e  o f  th e  f a s t e r  c hang ing  
component was s e t  a t  z e ro  and th e  two f l a n k s  were p h y s i c a l l y  a t  
d i f f e r e n t  d e p th s ,  a s  s p e c i f i e d  by th e  s lo w e r  chang ing  component. (The 
n u l l i n g  p ro c e d u re  had th e  e f f e c t  o f  a d j u s t i n g  th e  s i z e  of  t h e  d e p th  
d i s c o n t i n u i t y  a t  th e  c e n t r e  of t h e  p r o f i l e  w h i le  l e a v in g  th e  s lo w ly
c h a n g in g  p a r t  unchanged ( s e e  F ig u re  7 . 3 ) ) .
To i n v e s t i g a t e  th e  e f f e c t  of v a r y in g  th e  s p a t i a l  g r a d i e n t s  
w i t h i n  th e  Cornsweet p r o f i l e ,  t h e  e x t e n t  o f  t h e  i l l u s i o n  was m easu red  |
f o r  t h e  f o u r  d e p th  s u r f a c e s  i l l u s t r a t e d  i n  F ig u re  7 .4 .  I n  t h e s e  
s u r f a c e s ,  th e  number of c y c l e s  o f  th e  C ornsw eet p r o f i l e  p r e s e n t  i n  th e  
d e p th  s u r f a c e  was i n c r e a s e d  so t h a t  th e  a r e a  cove red  by a s i n g l e  c y c le  
o f  t h e  p r o f i l e  was r e d u c e d .  B e s id e s  th e  one c y c le  s u r f a c e  w hich sj
c o n ta in e d  one Cornsw eet edge i n  t h e  m idd le  o f  t h e  s u r f a c e  and which had 
g e n t l y  s lo p in g  s i d e s  w hich e x te n d e d  o v e r  t e n  d e g re e s  of v i s u a l  a n g l e ,  
s u r f a c e s  c o n ta i n in g  2, 4 and 8 C ornsw eet edges which c o n ta in e d  s lo p e s
o f  i n c r e a s i n g  s h a rp n e s s  ( e x t e n d in g  o v e r  5 , 2 .5  and 1 .25  d e g r e e s
r e s p e c t i v e l y ) ,  were a l s o  u sed  as  s t i m u l i .  In  a l l  c a se s  th e  d e p th  fi
a m p l i tu d e  a t  th e  sh a rp  edge o f  t h e  s u r f a c e  was e q u iv a l e n t  to  8 min a r c  '1
■Îo f  d i s p a r i t y .  A nother  v a r i a b l e  t h a t  was m a n ip u la te d  in  th e  e x p e r im e n t ,  I
li
was t h e  a m p l i tu d e  o f  t h e  C ornsw eet s i g n a l  w hich was r e v e r s e d  f o r  h a l f  |
t h e  t r i a l s .  For t h e  s im u l ta n e o u s  c o n t r a s t  e f f e c t  d e s c r ib e d  e a r l i e r  i n
F i g u r e  7 .4 .
To i n v e s t i g a t e  t h e  e f f e c t  o f  v a r y in g  th e  s p a t i a l  g r a d i e n t s  w i t h i n  th e  
C ornsw ee t s u r f a c e ,  t h e  e x t e n t  o f  t h e  i l l u s i o n  was m easu red  f o r  f o u r  
d e p th  s u r f a c e s  w i th  t h e  f o u r  d e p th  p r o f i l e s  shown h e r e .  The d e p th  
s u r f a c e  c o n ta in e d  e i t h e r  o n e ,  two, fo u r  o r  e i g h t  r e p e t i t i o n s  o f  t h e  
b a s i c  C ornsw eet p t o f i l e ,  as  shown.
1
p r e s e n t  ex p e r im en t  r e q u i r e d  th e  two f l a n k i n g  a r e a s  to  be a d j u s t e d  to  
l i e  i n  th e  f r o n t o p a r a l l e l  p la n e  and so was l i k e l y  to  be s u b j e c t  to  
s i m i l a r  o b s e rv e r  b i a s e s .  To overcome t h i s  p rob lem , t h e  e x t e n t  o f  th e  
i l l u s i o n  was m easured  when th e  C ornsw eet s i g n a l  was o f  b o th  norm al and 
i n v e r t e d  p h a s e .  T h is  m a n i p u la t io n  had th e  e f f e c t  o f  r e v e r s i n g  th e  
d e p th  r e l a t i o n s h i p s  w i t h i n  t h e  Cornsweet s u r f a c e ,  so t h a t  a r e a s  which 
had  p r e v i o u s ly  s lo p e d  tow ard  th e  o b s e rv e r  th e n  s lo p e d  away, and v i c e  
v e r s a  ( s e e  F ig u re  7 . 5 ) .  A v e ra g in g  th e  e x t e n t  o f  t h e  i l l u s i o n  f o r  th e  
two a m p l i tu d e  c o n d i t i o n s  com pensa ted  f o r  the  e f f e c t s  of i n d i v i d u a l  
b i a s e s  i n  ju d g in g  th e  f r o n t o p a r a l l e l  p l a n e .
The Cornsw eet d e p th  s u r f a c e  was p r e s e n te d  w i th  t h e  edge o r i e n t e d  
e i t h e r  h o r i z o n t a l l y  o r  v e r t i c a l l y  (F ig u re  7 . 2 ) .  To p ro d u ce  th e  -'i
h o r i z o n t a l l y  o r i e n t e d  s u r f a c e  th e  p ro c e d u re  was th e  same a s  t h a t  used 
i n  p r e v io u s  e x p e r im e n t s .  The p a r a l l a x  o r  d i s p a r i t y  s i g n a l  was fed  ,to 
t h e  X in p u t  of t h e  o s c i l l o s c o p e  w i th  a  f re q u e n c y  such  t h a t  one c y c le  o f  
t h e  s i g n a l  occured  f o r  e v e ry  fram e o f  th e  r a s t e r  ( a p p r o x im a te ly  20rosecs 
o r  50Hz). T h is  had th e  e f f e c t  o f  i n t r o d u c in g  th e  same amount of 
h o r i z o n t a l  r e l a t i v e  m o tio n  o r  d i s p a r i t y  to  each l i n e  of  t h e  random do t  
p a t t e r n  w i th  th e  amount v a r y i n g ,  i n  a c co rd an ce  w i th  th e  d e s i r e d  
p r o f i l e ,  from th e  to p  to  th e  bo ttom  o f  th e  s c r e e n  ( F ig u r e  7 . 6 a ) .  To 
p ro d u ce  a C ornsw eet s u r f a c e  where th e  edge was o r i e n t e d  v e r t i c a l l y ,  on 
t h e  o t h e r  hand , i t  was n e c e s s a r y  t h a t  th e  p a r a l l a x  o r  d i s p a r i t y  s i g n a l  
s h o u ld  be a t  a f re q u e n c y  such  t h a t  one c y c l e . o f  th e  waveform occu red  
f o r  e v e ry  l i n e  o f  th e  r a s t e r  ( a p p r o x im a te ly  15kHz). In  t h i s  c a s e ,  th e  
d o t s  on each l i n e  of th e  p a t t e r n  were s h i f t e d  by d i f f e r e n t  amounts from 
th e  l e f t  to  th e  r i g h t  o f  th e  p a t t e r n ,  a c c o rd in g  to  th e  shape o f  th e  
p r o f i l e .  From th e  top  to  t h e  bottom  of t h e  p a t t e r n  each  column 






F ig u r e  7 . 5 .
The e x t e n t  o f  t h e  Cornsweet i l l u s i o n  was m easured f o r  b o th  th e  
d e p th  s u r f a c e s  i l l u s t r a t e d  h e r e .  The d e p th  r e l a t i o n s h i p s  w i t h in  t h e  
s u r f a c e  a r e  r e v e r s e d  i n  (b) w i th  r e s p e c t  to  ( a ) . M easuring  t h e  s t r e n g t h  
o f  t h e  i l l u s i o n  f o r  b o th  s u r f a c e s  a l lo w e d  any i n d i v i d u a l  b i a s e s  i n  
s e t t i n g  t h e  a p p a r e n t  f r o n t o p a r a l l e l  t o  be com pensa ted .
(q )




The s h i f t s  i n  e a c h  row o f  t h e  g r id  p a t t e r n s  shown h e r e  r e p r e s e n t  t h e  
amount o f  r e l a t i v e  m o t io n ,  o r  d i s p a r i t y ,  w hich  was i n t r o d u c e d  i n t o  
t h e  random d o t  p a t t e r n  to  p ro d u ce  a Cornsweet d e p th  s u r f a c e  o r i e n t e d  
e i t h e r  h o r i z o n t a l l y  ( a )  o r  v e r t i c a l l y  ( b ) . In  ( a )  e a c h  h o r i z o n t a l  row 
was s h i f t e d  h o r i z o n t a l l y  by an  amount w hich  v a r i e d  from  t h e  to p  to  t h e
bo ttom  o f  t h e  p a t t e r n  i n  a c c o rd a n c e  w i th  t h e  d e s i r e d  p r o f i l e .  I n  (b )  
each  v e r t i c a l  colum n was s h i f t e d  h o r i z o n t a l l y  by an amount w hich  v a r i e d  
from  l e f t  t o  r i g h t  i n  a c c o rd a n c e  w i th  th e  d e s i r e d  p r o f i l e .
n o te  t h a t  th e  d i r e c t i o n  o f  movement or  d i s p a r i t y  was s t i l l  h o r i z o n t a l  %
s i n c e  th e  p a r a l l a x  o r  d i s p a r i t y  s i g n a l  was s t i l l  fed  to  th e  X i n p u t  of
t h e  s c o p e .  However, th e  d i r e c t i o n  in  which th e  r e l a t i v e  m o tio n  o r
d i s p a r i t y  (and t h e r e f o r e  d e p th )  rem ained  c o n s t a n t ,  was now v e r t i c a l  1
ir a t h e r  th a n  h o r i z o n t a l .  |
There was a l s o  a s im p l e r  way o f  a c c o m p lis h in g  th e  same e f f e c t  
and p ro d u c in g  a v e r t i c a l l y  o r i e n t e d  C ornsw eet s u r f a c e .  T h is  was to  
r e v e r s e  th e  scans  of th e  r a s t e r  so t h a t  th e  l i n e  and fram e r a t e  
d e f l e c t i o n  s i g n a l s  were fed  to  th e  Y and X i n p u t s ,  r e s p e c t i v e l y ,  o f  t h e  
s c o p e .  When t h i s  was done th e  l i n e s  o f  th e  r a s t e r  went from th e  to p  to
To sum m arise , i n  o r d e r  to  p roduce  a h o r i z o n t a l l y  o r i e n t e d  
C ornsw ee t  d e p th  s u r f a c e ,  F ig u r e  7 . 2 a ,  a s i g n a l  o f  th e  same shape  as  th e  
C ornsw ee t p r o f i l e ,  and a t  a  f r e q u e n c y  e q u i v a l e n t  to  t h e  frame r a t e ,  was 
fe d  to  th e  a d d i t i o n a l  X i n p u t  o f  th e  o s c i l l o s c o p e .  For th e  p a r a l l a x  
d i s p l a y  t h i s  s i g n a l  was c o n t i n u o u s ly  a m p l i tu d e  m odula ted  a c c o r d in g  to  
t h e  movement o f  th e  o b s e r v e r ,  w h i le  f o r  th e  s t e r e o s c o p i c  d i s p l a y  th e  
s i g n a l  produced  h o r i z o n t a l  d i s p a r i t i e s  betw een th e  two random do t  
p a t t e r n s  i n  th e  d i s p l a y .  The h ig h  f re q u e n c y  l i n e  d e f l e c t i o n  s i g n a l  and
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t h e  bo ttom  o f  th e  p a t t e r n  r a t h e r  th a n  from th e  l e f t  to  th e  r i g h t .
T h e r e f o r e  th e  o r i g i n a l  p a r a l l a x  o r  d i s p a r i t y  s i g n a l  a t  th e  slow  fram e ^
I
r a t e  (50Hz) now s h i f t e d  each  v e r t i c a l  l i n e  o f  th e  r a s t e r  by th e  same f
amount and th e  amount v a r i e d  from  th e  l e f t  to  th e  r i g h t  of t h e  p a t t e r n  
th u s  p ro d u c in g  th e  p a t t e r n  shown i n  F ig u re  7 .6 b .  Again  th e  d i r e c t i o n  i|
o f  r e l a t i v e  movement o r  d i s p a r i t y  was s t i l l  h o r i z o n t a l  b u t  th e  
d i r e c t i o n  in  which th e  amount o f  h o r i z o n t a l  s h i f t  was c o n s t a n t  was 
v e r t i c a l .  T h is  l a t t e r  method o f  p ro d u c in g  a v e r t i c a l l y  o r i e n t e d  v
s u r f a c e  was th e  one a c t u a l l y  employed i n  th e  p r e s e n t  e x p e r im e n ts .
I
a
t h e  low er  f re q u e n c y  frame d e f l e c t i o n  s i g n a l  w ere  fed  to  th e  X and Y 
i n p u t s  r e s p e c t i v e l y ,  i n  th e  normal way. To p ro d u ce  a v e r t i c a l l y  
o r i e n t e d  Cornsw eet s u r f a c e ,  F ig u re  7 .2 b ,  th e  s c a n  was r e v e r s e d  and th e  
l i n e  and fram e d e f l e c t i o n  s i g n a l s  were fed t o  t h e  Y and X i n p u t s  
r e s p e c t i v e l y .  The p a r a l l a x  o r  d i s p a r i t y  s i g n a l  was s t i l l  fed  t o  th e  
a d d i t i o n a l  X in p u t  to  p roduce  h o r i z ô n t a l  r e l a t i v e  m o tio n  o r  d i s p a r i t y .
The r e s u l t a n t  d i s t r i b u t i o n  of r e l a t i v e  v e l o c i t i e s  o r  d i s p a r i t i e s  was 
l i k e  t h a t  i l l u s t r a t e d  i n  F ig u re  7 .6 b .
T hree  s u b j e c t s  to o k  p a r t  in  th e  e x p e r im e n t , one of whom was 
n a iv e  to  t h e  p u rp o se  o f  th e  e x p e r im e n t .  A s e s s i o n  c o n s i s t e d  o f  two 
s e t s  of e i g h t  t r i a l s  each  of  w hich c o n s i s t e d  o f  two r e p e t i t i o n s  of th e  
f o u r  d e p th  s u r f a c e s  i l l u s t r a t e d  i n  F ig u re  7 . 4 .  The a m p l i tu d e  o f  t h e  4
C ornsw eet s i g n a l  was i n v e r t e d  f o r  th e  second s e t  of t r i a l s .  F our  M
s e s s i o n s  w ere  c a r r i e d  ou t  f o r  b o th  p a r a l l a x  and s t e r e o s c o p i c  d e p th  
c o n d i t i o n s .  In  two o f  t h e  s e s s i o n s  th e  d ep th  s u r f a c e s  were p r e s e n t e d  
w i t h  th e  Cornsweet p r o f i l e  o r i e n t e d  h o r i z o n t a l l y  and i n  th e  o t h e r  two n
s e s s i o n s  th e y  were p r e s e n t e d  w i th  th e  p r o f i l e  o r i e n t e d  v e r t i c a l l y .  For 
each  t r i a l  t h e  o b s e r v e r  was p r e s e n te d  w i th  one o f  t h e  Cornsweet d e p th  
s u r f a c e s  and asked  to  judge  w h e th e r  th e  f l a t  a r e a s ,  which f la n k e d  t h e  %
s p u r - s h a p e d  change i n  d e p th ,  a p p e a re d  to  l i e  a t  t h e  same d i s t a n c e .  To 
a i d  t h e s e  judgem en ts  th e  edges o f  t h e  f l a n k i n g  a r e a s  w ere  o u t l i n e d  w i th  
b r i g h t  l i n e s  a c r o s s  th e  random d o t  p a t t e r n .  I f  t h e  f l a t  a r e a s  d id  n o t  
a p p e a r  t o  be e q u i d i s t a n t ,  th e n  th e  o b s e rv e r  was r e q u i r e d  to  a d j u s t  a  f
p o t e n t i o m e t e r ,  which a l t e r e d  th e  r e l a t i v e  d e p th s  o f  th e  f l a n k s ,  u n t i l  
t h e y  d id  a p p e a r  to  l i e  a t  th e  same d i s t a n c e .  W hile a d j u s t i n g  th e  
r e l a t i v e  d e p th  o f  t h e  f l a n k s  o b s e r v e r s  were a sked  to  sc an  th e  whole 
d e p th  s u r f a c e  in  q u ic k  g l a n c e s ,  to  p r e v e n t  th e  b u i l d - u p  of n e g a t i v e  
d e p th  a f t e r e f f e c t s .  N u l l  s e t t i n g s  were t y p i c a l l y  r e a c h e d  w i t h i n  one |
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m in u te  o f  v iew in g  and th e  amount o f  r e l a t i v e  d ep th  betw een the  f l a n k s  
a t  th e  n u l l  s e t t i n g  was r e c o r d e d .  There  was a b rea k  o f  a b o u t  30 
se co n d s  betw een t r i a l s .
i i i )  R e s u l t s
The r e s u l t s  o b ta in e d  f o r  t h e  t h r e e  o b s e rv e r s  a r e  shown i n  F ig u re  4
7 .7  w here  th e  e x t e n t  o f  th e  i l l u s i o n  i s  p l o t t e d  as  a  f u n c t i o n  o f  th e  
number of  C ornsw eet edges  p r e s e n t  i n  th e  d e p th  s u r f a c e .  The r e s u l t s  
a r e  shown f o r  h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  Cornsweet s u r f a c e s  
b o th  when th e  d e p th  s u r f a c e s  w ere  s p e c i f i e d  by m otion  p a r a l l a x  and when 
t h e y  w ere  s p e c i f i e d  s t e r e o s c o p i c a l l y . The r e s u l t s  show e s s e n t i a l l y  t h e  '%
4same p a t t e r n  in  th e  p a r a l l a x  and s t e r e o  c o n d i t i o n s .  Nhen th e  Cornsw eet I
d e p th  s u r f a c e  was o r i e n t e d  h o r i z o n t a l l y  t h e r e  was l i t t l e  i l l u s o r y  
e f f e c t ,  a l th o u g h  t h e r e  was p e rh a p s  a s m a l l  e f f e c t  f o r  th e  one c y c le  
s u r f a c e .  However, when th e  s u r f a c e  was o r i e n t e d  v e r t i c a l l y  t h e r e  was a 
v e r y  l a r g e  C ornsw eet i l l u s i o n  i n  t h e  p r e d i c t e d  d i r e c t i o n ,  so t h a t  th e  
two e q u i d i s t a n t  f l a n k s  o f  th e  p r o f i l e  a p p e a re d  to  l i e  a t  d i f f e r e n t  
d e p th s  from th e  o b s e r v e r .  The f l a n k  w hich was a t t a c h e d  to  th e  p a r t  o f  
t h e  Cornsw eet s u r f a c e  w hich s lo p e d  tow ard  th e  o b s e rv e r  a p p e a re d  to  l i e  
c l o s e r  th a n  th e  f l a n k  which was a t t a c h e d  to  th e  p a r t  which s lo p e d  away.
The s i z e  o f  th e  i l l u s i o n  rea c h e d  40% f o r  v e r t i c a l l y  o r i e n t e d  s u r f a c e s  
i n d i c a t i n g  t h a t ,  e f f e c t i v e l y ,  th e  a m p l i tu d e  of th e  f a s t e r  chang ing  
component o f  t h e  p r o f i l e  had to  be reduced  by 40% to  c a n c e l  th e  
i l l u s o r y  d e p th  d i f f e r e n c e .  The i l l u s i o n  d e c re a s e d  i n  m agn itude  a s  th e  
number o f  edges  in  th e  d e p th  s u r f a c e  i n c r e a s e d ,  b u t  i t  s t i l l  rem ained  
s u b s t a n t i a l .  Most o b s e r v e r s  showed a b i a s  in  s e t t i n g  th e  f l a n k s  to  be 
e q u i d i s t a n t  when th e  one and two c y c le  s u r f a c e s  were p r e s e n t e d .  This  








































The p e r c e n ta g e  s t r e n g t h  o f  t h e  C ornsw eet i l l u s i o n  i s  p l o t t e d  a s  a 
f u n c t i o n  o f  t h e  number o f  Cornsw eet e d g es  i n  t h e  d e p th  s u r f a c e .  D a ta  a r e  
shown f o r  d e p th  s u r f a c e s  s p e c i f i e d  b o th  s t e r e o s c o p i c a l l y  and by  m o tio n  
p a r a l l a x ,  f o r  t h e  t h r e e  o b s e r v e r s .
' Y. ' V
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th e  s u r f a c e  was I n v e r t e d .  The d a t a  p l o t t e d  i n  F ig u re  7 . 7 ,  show th e  
mean e x t e n t  o f  t h e  i l l u s i o n  f o r  s u r f a c e s  of b o th  p h a s e s .
i v )  A m o d if ie d  method
The r e s u l t s  d e s c r ib e d  above i n d i c a t e  t h a t  t h e r e  i s  a  s t r i k i n g  
a n i s o t r o p y  i n  th e  e x t e n t  o f  t h e  Cornsweet i l l u s i o n  p e r c e iv e d  f o r  
h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  d e p th  s u r f a c e s .  T h is  f i n d i n g  was 
u n e x p e c te d  and i t  was d e c id e d  to  r e p l i c a t e  th e  e x p e r im e n t  i n  a  m o d if ie d  
form  w hich im proved some a s p e c t s  o f  th e  o r i g i n a l  d i s p l a y .
I n  t h e  i n i t i a l  e x p e r im e n t ,  th e  r a t e s  o f  d e p th  c h a n g e ,  o r  d e p th  
f r e q u e n c i e s ,  i n  t h e  f o u r  C ornsw eet s u r f a c e s  were s l i g h t l y  d i f f e r e n t  f o r  
t h e  h o r i z o n t a l  and v e r t i c a l  c o n d i t i o n s ,  b e c au se  of  th e  s i z e  o f  t h e  
o s c i l l o s c o p e  s c r e e n s  which were 25 d e g re e s  h o r i z o n t a l l y  by 20 d e g re e s  
v e r t i c a l l y .  A lthough  t h i s  d i s c r e p a n c y  was t a k e n  i n t o  a c c o u n t  when th e  
above d a ta  w ere  p l o t t e d ,  i t  was d e c id e d  t h a t  th e  i l l u s i o n  s h o u ld  a l s o  
be  m easured u s in g  a sq u a re  random d o t  p a t t e r n  where th e  f r e q u e n c ie s  
w ere  i d e n t i c a l  i n  th e  two c o n d i t i o n s .  The u se  o f  a  s q u a re  p a t t e r n  a l s o  
e n s u re d  t h a t  d i f f e r e n c e s  in  t h e  h o r i z o n t a l / v e r t i c a l  do t  s i z e  and 
s p a c i n g ,  w hich had been  a n o th e r  p o t e n t i a l  a r t i f a c t ,  were e l i m i n a t e d .  
To p ro d u ce  th e  s q u a re  random d o t  p a t t e r n  th e  th e  X and Y a m p l i f i e r s  
w ere  a d j u s t e d  to  be e q u a l  so t h a t  t h e  r a s t e r  was s q u a r e .  O th e r  d i s p l a y  
c h a r a c t e r i s t i c s  were th e  same as th o s e  used i n  th e  i n i t i a l  e x p e r im e n t .
The second  m o d i f i c a t i o n  made i n  th e  p r e s e n t  e x p e r im e n t  was to  
u s e  a more s o p h i s t i c a t e d  method f o r  p ro d u c in g  th e  Cornsw eet d i s t o r t i o n  
s i g n a l .  T h is  method e l i m i n a t e d  some s p u r io u s  d i s c o n t i n u i t i e s  i n  d e p th  
w hich  had som etim es o c c u r r e d  a t  t h e  c e n t r e  edge o f  th e  p r o f i l e  w i th  th e
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p r e v io u s  m ethod . These d i s c o n t i n u i t i e s  a ro s e  from th e  use o f  a s t e p  I
Iff u n c t i o n  w i th  a  s h a rp  e d g e ,  r a t h e r  th a n  a smooth o g i v e ,  to  p ro v id e  th e  a
f a s t  ch an g in g  component o f  th e  p r o f i l e .  In  th e  m o d if ie d  m ethod, t h e  %
Cornsweet p r o f i l e  was d i r e c t l y  p roduced  by th e  sum o f  a s low  and f a s t  
chang ing  o g iv e  ( a s  i l l u s t r a t e d  i n  F ig u re  7 .3 )  and th e  a m p l i tu d e  of th e  
f a s t  chang ing  o g iv e  co u ld  be d i r e c t l y  a d ju s t e d  by th e  o b s e r v e r .  The 
p r o f i l e s  were ch o sen  so t h a t  t h e  s lo w ly  c h an g in g  p a r t  of th e  p r o f i l e  
rem ained  u n a l t e r e d  as  t h e  a m p l i tu d e  o f  th e  f a s t  component was v a r i e d ,  
and so t h a t  t h e r e  were no s p u r io u s  d i s c o n t i n u i t i e s  w i t h i n  th e  p r o f i l e .
When th e  a m p l i tu d e  o f  b o th  com ponents was e q u a l  t h e  d e p th  s u r f a c e  had î
th e  s t a n d a r d  C ornsw eet shape  and th e  dep th  d i f f e r e n c e  betw een th e  peak 
and t ro u g h  o f  t h e  s u r f a c e  was 8 min a r c .
I
The p ro c e d u r e  was s i m i l a r  to  t h a t  used i n  th e  i n i t i a l  
e x p e r im e n t .  O b s e rv e r s  a d ju s t e d  th e  r e l a t i v e  d e p th  o f  th e  f l a t  f l a n k i n g  
a r e a s  u n t i l  th e y  a p p e a re d  to  be e q u i d i s t a n t ,  w h i l e  making r a p i d  g la n c e s  
a t  th e  s u r f a c e  to  a v o id  a f t e r e f f e c t s .  C ornsw eet s u r f a c e s  c o n ta i n in g  
1 ,2 ,4  o r  8 edges ( F ig u r e  7 .4 )  w ere  used  as  s t i m u l i ,  t h e , e x t e n t  o f  t h e  
i l l u s i o n  b e in g  m easured  i n  s e p a r a t e  b lo c k s  f o r  t h e  d i f f e r e n t  s u r f a c e s .
W ith in  each  b lo c k  th e  s u r f a c e s  were p r e s e n te d  e i g h t  t im es  i n  b o th  
h o r i z o n t a l  and v e r t i c a l  o r i e n t a t i o n s ,  w i th  th e  C ornsw eet s i g n a l  b e in g  
i n v e r t e d  on a l t e r n a t e  t r i a l s  ( F ig u r e  7 . 5 ) .  As b e f o r e ,  t h i s  r e v e r s e d  
th e  d e p th  a m p l i tu d e  w i t h in  th e  s u r f a c e .  M easur ing  th e  e f f e c t  f o r  
s u r f a c e s  o f  b o th  p h a s e s  com pensated  f o r  any o b s e r v e r  b i a s  in  s e t t i n g  
th e  a p p a r e n t  f r o n t o p a r a l l e l  p l a n e .  The i l l u s i o n  was m easured f o r  two 
e x p e r ie n c e d  o b s e r v e r s  f o r  C ornsw eet s u r f a c e s  s p e c i f i e d  b o th  by p a r a l l a x  |
and s t e r e o s c o p i c  d e p th  i n f o r m a t io n .
v )  R e s u l t s
I
The r e s u l t s  a r e  p l o t t e d  in  F ig u re  7 .8  w here ,  a g a i n ,  th e  e x t e n t  
o f  th e  i l l u s i o n  in  p e r c e n ta g e  te rm s  i s  e x p re s se d  as a f u n c t i o n  o f  th e  
number o f  edges  p r e s e n t  i n  t h e  s u r f a c e .  The p a t t e r n  o f  r e s u l t s  was 
e s s e n t i a l l y  th e  same a s  t h a t  found in  th e  i n i t i a l  e x p e r im e n t  and 
o c c u r r e d  f o r  b o th  p a r a l l a x  and s t e r e o s c o p i c  s u r f a c e s .  There  was l i t t l e  
o r  no C ornsw eet i l l u s i o n  when th e  d e p th  s u r f a c e  was o r i e n t e d  w i th  th e  
C ornsw eet edge h o r i z o n t a l ,  bu t  t h e r e  was a l a r g e  i l l u s o r y  e f f e c t  when
i t  was o r i e n t e d  v e r t i c a l l y .  The s t r e n g t h  o f  th e  e f f e c t  d e c re a s e d  f o r
v e r t i c a l l y  o r i e n t e d  s u r f a c e s  when th e  number o f  Cornsw eet edges i n  th e  
s u r f a c e  i n c r e a s e d .  A gain t h e  d a t a  o b ta in e d  f o r  s u r f a c e s  w i th  norm al 
and i n v e r t e d  a m p l i tu d e s  have  been a v e ra g e d .
v i )  D i s c u s s io n
Both th e s e  e x p e r im e n ts  d e m o n s t ra te  t h a t  t h e r e  was a l a r g e  d e p th  
i l l u s i o n  f o r  s u r f a c e s  w i th  a  Cornsw eet p r o f i l e ,  when th e  o r i e n t a t i o n  o f  
t h e  s h a rp  d e p th  c o n to u r  was v e r t i c a l .  The f l a t  a r e a s  o f  th e  p r o f i l e ,  
which f la n k e d  th e  spu r  shaped change in  d e p th  and were p h y s i c a l l y  
e q u i d i s t a n t ,  a p p e a re d  to  l i e  a t  d i f f e r e n t  d i s t a n c e s  from th e  o b s e r v e r .  
The f l a n k  a d j a c e n t  to  th e  p a r t  o f  th e  s u r f a c e  which c u rv e d  tow ard  th e  
o b s e r v e r ,  a p p e a re d  to  be n e a r e r  t h e  o b s e rv e r  th an  th e  f l a n k  a t t a c h e d  to
th e  p a r t  which curved  away. T h is  dep th  i l l u s i o n  i s ,  t h e r e f o r e ,
d i r e c t l y  a n a lo g o u s  to  th e  b r i g h t n e s s  I l l u s i o n  found f o r  p a t t e r n s  w i th  a 
C ornsw eet lum inance  p r o f i l e .  However, th e  Cornsweet i l l u s i o n  f o r  d e p th  
i s  o n ly  o bse rved  when th e  d e p th  s u r f a c e  i s  o r i e n t e d  v e r t i c a l l y  and i s  
n o t  p r e s e n t  f o r  a d e p th  s u r f a c e ,  o f  i d e n t i c a l  s h a p e ,  w hich i s  o r i e n t e d  
w i th  th e  sh a rp  c o n to u r  l y i n g  h o r i z o n t a l l y .
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F ig u r e  7 .8 .
The Cornsweet d e p th  i l l s u i o n  m easured  w i th  a  m o d if ie d  d i s p l a y .
The p e r c e n ta g e  s t r e n g t h  o f  t h e  i l l u s i o n  i s  p l o t t e d  a s  a  f u n c t i o n  o f  
t h e  number o f  C ornsw eet edges  i n  t h e  d e p th  s u r f a c e .  D a ta  f o r  t h e  
two o b s e r v e r s ,  BJR and MEG, a r e  shown f o r  d e p th  s u r f a c e s  s p e c i f i e d  
b o th  s t e r . e o s c o p i c a l l y  ( l e f t )  and by m o tio n  p a r a l l a x  ( r i g h t ) .
  ' '  ^ - '
sh o u ld  be r e f l e c t e d  i n  o t h e r  p s y c h o p h y s ic a l  m easu res  such a s  th e  
s e n s i t i v i t y  f u n c t i o n  f o r  d e t e c t i n g  c o r ru g a te d  d e p th  s u r f a c e s  of 
d i f f e r e n t  d ep th  s p a t i a l  f r e q u e n c i e s .
The e x p e r im e n ts  r e p o r t e d  i n  c h a p te r  4 d e s c r ib e d  th e  s e n s i t i v i t y  
f u n c t i o n s  which w ere  o b t a in e d  f o r  c o r r u g a te d  d e p th  s u r f a c e s  s p e c i f i e d
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Ii l l u s i o n  i s  s t r i k i n g .  F o r  t h e  d e p th  s u r f a c e  c o n ta i n in g  two c y c le s  of \
jt h e  Cornsw eet p r o f i l e ,  t h e  mean s t r e n g t h  o f  th e  e f f e c t  was 40% f o r  
v e r t i c a l l y  o r i e n t e d  s u r f a c e s  and o n ly  5% f o r  h o r i z o n t a l l y  o r i e n t e d  
s u r f a c e s .  The r e a s o n  f o r  th e  a n i s o t r o p y  i s  n o t  o b v io u s .  Fo r  
s t e r e o s c o p i c  d e p th  s u r f a c e s  a l o n e ,  i t  cou ld  p e rh a p s  have been 
a t t r i b u t e d  to  t h e  i n h e r e n t  a n i s o t r o p y  o f  th e  s t e r e o s c o p i c  sy s te m , s in c e  
d e p th  i s  o n ly  p r o c e s s e d  from h o r i z o n t a l  d i s p a r i t i e s  ( a l t h o u g h  v e r t i c a l  
d i s p a r i t i e s  seem to  be in v o lv e d  in  f u s io n  and , p o s s i b l y ,  th e  
c o m p u ta t io n  of  a b s o l u t e  d i s p a r i t y  (O g le ,  1955; Mayhew and L o n g u e t -  
H ig g in s ,  1 9 8 2 ) ) .  However, s i n c e  t h e  a n i s o t r o p y  o c c u rs  to  th e  same 
e x t e n t  f o r  d e p th  s u r f a c e s  s p e c i f i e d  by m otion  p a r a l l a x  i n f o r m a t i o n ,  
t h i s  e x p la n a t i o n  seems u n l i k e l y .  M otion p a r a l l a x  does n o t  depend on 
t h e  r e l a t i v e  movement b e in g  i n  a h o r i z o n t a l  d i r e c t i o n  and so t h e r e  i s  
no a p r i o r i  r e a s o n  to  e x p e c t  an  a n i s o t r o p y  in  th e  p r o c e s s in g  of 
p a r a l l a x  i n f o r m a t i o n .  I t  seems p r o b a b le ,  t h e r e f o r e ,  t h a t  th e  
a n i s o t r o p y  r e f l e c t s  some g e n e r a l  p r i n c i p l e  o f  d e p th  p r o c e s s in g .
As m en tio n ed  a b o v e ,  t h e  C ornsw eet i l l u s i o n  i n  the  lum inance  
domain i s  u s u a l l y  a t t r i b u t e d  to  th e  r e l a t i v e  i n s e n s i t i v i t y  o f  th e  
v i s u a l  sy s tem  to  g r a d u a l  changes  in  lum inance  o v e r  s p a c e .  By an 
a n a lo g o u s  argum ent i t  m ig h t  be h y p o th e s i s e d  t h a t  t h e  C ornsw eet d e p th  
i l l u s i o n  r e f l e c t s  a r e l a t i v e  i n s e n s i t i v i t y  to  g r a d u a l  changes i n  d e p th  |
o v e r  s p a c e .  I f  such  an a rgum ent i s  c o r r e c t ,  t h e n  t h e  i n s e n s i t i v i t y
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by b o th  m otion  p a r a l l a x  and s t e r e o p s i s .  These s e n s i t i v i t y  f u n c t i o n s  
w ere  m easured  f o r  d e p th  s u r f a c e s  w hich were s i n u s o i d a l l y  m odu la ted  in  |
d e p th  from th e  top  to  t h e  bo t tom  o f  th e  s u r f a c e ,  and so th e  dep th  
c o r r u g a t i o n s  were o r i e n t e d  h o r i z o n t a l l y .  I t  was found t h a t  peak 
s e n s i t i v i t y  o c c u r r e d  f o r  c o r r u g a t e d  s u r f a c e s  o f  0 . 2 ~ 0 .4 c y c /d e g  and 
t h r e s h o l d s  i n c r e a s e d  a t  b o th  h i g h e r  and low er  s p a t i a l  f r e q u e n c i e s .
H ence , f o r  h o r i z o n t a l l y  o r i e n t e d  s u r f a c e s  t h e r e  i s  a d e c l i n e  i n  j
s e n s i t i v i t y  f o r  v e ry  g r a d u a l  changes  in  d e p th  and so a C ornsw eet |
i l l u s i o n  sh o u ld  be p r e d i c t e d .  However, th e  s e n s i t i v i t y  f u n c t i o n  f o r  
h o r i z o n t a l  d ep th  c o r r u g a t i o n s  o n ly  b e g in s  to  f a l l  o f f  below 0 .2  c y c le s  
p e r  d e g re e  and i t  i s  p o s s i b l e  t h a t  th e  d e p th  s u r f a c e s  used to  
i n v e s t i g a t e  th e  Cornsweet i l l u s i o n  d id  n o t  c o n t a i n  s u f f i c i e n t l y  slow 
ch an g es  i n  d e p th  to  a l lo w  t h i s  f a l l - o f f  to  p roduce  t h e  i l l u s i o n .  Such æî
an argum ent i s  s u p p o r te d  by th e  f a c t  t h a t  t h e r e  d id  a p p e a r  to  be a -j
Js m a l l  i l l u s i o n  f o r  th e  one c y c l e ,  h o r i z o n t a l l y  o r i e n t e d ,  Cornsweet A
’ !;s u r f a c e  which c o n ta in e d  th e  s lo w e s t  chang ing  d e p th  c o n to u r s .  The Iargum en t p r e d i c t s  t h a t  a h o r i z o n t a l  Cornsweet s u r f a c e  w i th  s u f f i c i e n t l y  
g r a d u a l  d e p th  s lo p e s  would p ro d u ce  a s t r o n g  i l l u s i o n ,  how ever , such a 
s u r f a c e  would have to  e x te n d  o v e r  a  l a r g e  s p a t i a l  a r e a  ( g r e a t e r  th a n  40 
d e g re e s  of v i s u a l  a n g le .  A p a r t  from th e  p r a c t i c a l  d i f f i c u l t i e s  o f  
d i s p l a y i n g  such  a s u r f a c e ,  t h e  two f l a n k i n g  a r e a s  o f  t h e  p r o f i l e  would 
t h e n  be s e p a r a te d  by a l a r g e  d i s t a n c e  which would make th e  d e p th  
m a tc h in g  t a s k  v e ry  d i f f i c u l t .
A no the r  p r e d i c t i o n  from t h e  above argum ent can  be t e s t e d  more 
d i r e c t l y .  S in ce  th e  C ornsw eet i l l u s i o n  o ccu rs  f o r  v e r t i c a l l y ,  b u t  n o t  
f o r  h o r i z o n t a l l y  o r i e n t e d  s u r f a c e s ,  th e  s e n s i t i v i t y  f u n c t i o n  f o r  
d e t e c t i n g  v e r t i c a l l y  o r i e n t e d  d e p th  c o r r u g a t i o n  s h o u ld  d i f f e r  from th e  
s e n s i t i v i t y  f u n c t i o n  f o r  d e t e c t i n g  h o r i z o n t a l  c o r r u g a t i o n s .  T hat i s ,
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o r i e n t a t i o n s .  T his  p r e d i c t i o n  was i n v e s t i g a t e d  i n  t h e  s u b s e q u e n t  
e x p e r i m e n t .
the anisotropy in the extent of the Cornsweet illusion, should also be
r e f l e c t e d  i n  an a n i s o t r o p y  i n  t h e  t h r e s h o l d s  f o r  d e t e c t i n g  c o r r u g a te d
- 5td e p th  s u r f a c e s  o f  t h e  same s p a t i a l  f r e q u e n c ie s  b u t  o f  d i f f e r e n t
A f u r t h e r  p o i n t  can be made w i th  r e s p e c t  to  t h e  s p a t i a l  
i n t e r a c t i o n s  w hich p resu m a b ly  u n d e r ly  b o th  th e  f a l l - o f f  i n  s e n s i t i v i t y  
t o  low s p a t i a l  f r e q u e n c y  c o r r u g a t i o n s  and th e  p r e s e n c e  o f  t h e  C ornsw eet If
i l l u s i o n .  The l a r g e  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  found f o r  
h o r i z o n t a l l y  o r i e n t e d  s u r f a c e s ,  and d e s c r ib e d  i n  th e  l a s t  c h a p t e r ,  
c l e a r l y  I n d i c a t e  t h a t  s p a t i a l  i n t e r a c t i o n s  a r e  im p o r ta n t  f o r  p r o c e s s in g  
d e p th  change in  t h e s e  s u r f a c e s .  I t  i s  l i k e l y  t h a t  t h e s e  i n t e r a c t i o n s  
a r e  i n h i b i t o r y  and a r e  r e f l e c t e d  i n  th e  low f re q u e n c y  f a l l - o f f  in  
s e n s i t i v i t y  f o r  h o r i z o n t a l l y  c o r r u g a te d  s u r f a c e s .  A l th o u g h ,  th e  e x t e n t  
o f  th e  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  r e p o r t e d  i n  th e  l a s t  c h a p te r  have  
n o t  been  m easured  f o r  v e r t i c a l l y  o r i e n t e d  d e p th  s u r f a c e s ,  in f o r m a l  
o b s e r v a t i o n s  have shown t h a t  t h e  e f f e c t s  a r e  s t i l l  p r e s e n t  and may be 4
l a r g e r  th a n  th o s e  o b se rv e d  f o r  h o r i z o n t a l l y  o r i e n t e d  s u r f a c e s .  T h is  
s u g g e s t s  t h a t  s p a t i a l  i n t e r a c t i o n s  a r e  in v o lv e d  i n  p r o c e s s in g  th e  d e p th  
changes  w i t h i n  v e r t i c a l l y ,  a s  w e l l  a s  h o r i z o n t a l l y ,  o r i e n t e d  s u r f a c e s .  
M o reover ,  t h e  f a c t  t h a t  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  o c c u r  f o r  b o th  
h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  s u r f a c e s  bu t  t h a t  no C ornsw eet 
i l l u s i o n  i s  o b se rv e d  f o r  h o r i z o n t a l l y  o r i e n t e d  s u r f a c e s ,  s u g g e s t s  t h a t  
any e x p l a n a t i o n  f o r  th e  C ornsw eet d e p th  i l l u s i o n  must invoke  a d d i t i o n a l  
f a c t o r s  th a n  th o s e  w hich g iv e  r i s e  to  th e  s im u l ta n e o u s  c o n t r a s t  
e f f e c t s .  For  exam p le ,  i f  t h e  e f f e c t  i s  due to  s p a t i a l  i n t e r a c t i o n  in  
t h e  d e p th  dom ain , t h e r e  m ust be d i f f e r e n c e s  in  t h e  n a t u r e  o f  t h e  




I n  t h i s  r e g a r d  i t  i s  p o s s i b l e  t h a t  th e  a n i s o t r o p y  does  n o t
r e f l e c t  d i f f e r e n c e s  i n  th e  n a t u r e  of t h e  s p a t i a l  i n t e r a c t i o n s ,  b u t
r a t h e r  r e f l e c t s  a d i f f e r e n c e  i n  an a d d i t i o n a l  p r o c e s s  which i è  a l s o  
in v o lv e d  i n  p ro d u c in g  th e  i l l u s i o n .  In  t h e  lum inance  dom ain, i t  h a s  
b een  s u g g e s te d  t h a t  th e  C ornsw eet i l l u s i o n  in v o lv e s  a  p r o c e s s  which 
e x t r a p o l a t e s  t h e  i l l u s o r y  d e p th  i n f o r m a t io n  p ro v id e d  by th e  ch a n g in g  
p a r t  o f  t h e  p r o f i l e  a c r o s s  t h e  s u r ro u n d in g  f l a n k i n g  a r e a s .  T h is  i s  
th o u g h t  to  be n e c e s s a r y  s i n c e  th e  whole  f l a n k i n g  a r e a  i s  p e r c e iv e d  to  
be a t  a  d i f f e r e n t  b r i g h t n e s s  ( R a t l i f f ,  1965 ) .  I t  i s  p o s s i b l e  t h a t  a 
s i m i l a r  p r o c e s s  i s  in v o lv e d  i n  th e  Cornsw eet d e p th  i l l u s i o n .  I t  i s  n o t  
c l e a r ,  how ever, t h a t  such a p r o c e s s  i s  s t r i c t l y  n e c e s s a r y  to  e x p l a i n  
t h e  i l l u s i o n .  I f  t h e  d ep th  sy s tem  does n o t  respond  w e l l  to  f l a t  
s u r f a c e s ,  which a f t e r  a l l  a r e  exam ples o f  v e ry  low f r e q u e n c y  d e p th  
c h a n g e ,  and i f  th e  s p a t i a l  e x t e n t s  o f  d e p th  p r o c e s s in g  u n i t s  a r e  l a r g e  
th e n  an e x t r a p o l a t i o n  e f f e c t  would be u n n e c e s s a ry .  On t h e  o t h e r  h a n d ,  
i f  such a p r o c e s s  was in v o lv e d  i n  t h e  C ornsw eet d e p th  , i l l u s i o n ,  th e n
th e  a n i s o t r o p y  c o u ld  occu r  a t  t h a t  l e v e l .  I f  t h i s  were t h e  c a s e ,  th e n
s i m i l a r  a n i s o t r o p i e s  would n o t  be e x p e c te d  to  occu r  f o r  o t h e r  
p s y c h o p h y s ic a l  m easu res  such  as  t h r e s h o l d  d e t e c t i o n ,  w hich p re su m a b ly  
do n o t  in v o lv e  any e x t r a p o l a t i o n  p r o c e s s .
7 .2  S e n s i t i v i t y  to  h o r i z o n t a l  and v e r t i c a l  d e p th  c o r r u g a t i o n s .
To a s c e r t a i n  w h e th e r  t h e  a n i s o t r o p y  found in  t h e  e x t e n t  o f  th e  
C ornsw eet I l l u s i o n  f o r  v i s u a l  d e p th ,  was accom panied by a s i m i l a r  
a n i s o t r o p y  i n  d e t e c t i o n  t h r e s h o l d s ,  s e n s i t i v i t y  f u n c t i o n s  f o r  d e t e c t i n g  
h o r i z o n t a l  and v e r t i c a l  d e p th  c o r r u g a t i o n s  were m easured f o r  d e p th
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s u r f a c e s  d e f in e d  by b o th  m o tion  p a r a l l a x  and s t e r e o p s i s .  The argum ent 
o u t l i n e d  ab o v e ,  s u g g e s te d  t h a t  t h e r e  was no Cornsweet i l l u s i o n  f o r  th e  
h o r i z o n t a l l y  o r i e n t e d  s t i m u l i  be c au se  th e y  d id  n o t  c o n ta i n  components
- Iw h ich  were o f  s u f f i c i e n t l y  low f re q u e n c y  t o  be a f f e c t e d  by th e  low
f re q u e n c y  f a l l  o f f  t h a t  o c c u rs  i n  th e  s e n s i t i v i t y  f u n c t i o n  f o r
h o r i z o n t a l  c o r r u g a t i o n s .  S ince  th e  i l l u s i o n  was found to  o c c u r  f o r  th e
v e r t i c a l l y  o r i e n t e d  Cornsw eet s u r f a c e s ,  a n e c e s s a r y  p r e d i c t i o n  would be
t h a t  the  s e n s i t i v i t y  f u n c t i o n  f o r  v e r t i c a l  c o r r u g a t i o n s  f a l l s  o f f  more -Jf
r a p i d l y  th a n  t h a t  f o r  h o r i z o n t a l  c o r r u g a t i o n s  a n d ,  p e rh a p s ,  t h a t  th e  
peak  s e n s i t i v i t y  o c c u rs  a t  a h i g h e r  f re q u e n c y .  j
I
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I n  p r e v io u s  e x p e r im e n ts  s e n s i t i v i t y  f u n c t i o n s  had been  m easured 
f o r  d ep th  s u r f a c e s  w hich were s i n u s o i d a l l y  m odu la ted  i n  d e p th  i n  one 
d im e n s io n .  In  t h e s e  s u r f a c e s  th e  o r i e n t a t i o n  of th e  d e p th  
c o r r u g a t i o n s ,  o r  c o n to u r s  was. h o r i z o n t a l . This  ty p e  o f  o n e -d im e n s io n a l  
d e p th  m o d u la t io n  had been s p e c i f i c a l l y  chosen  to  av o id  p o s s i b l e  
c o n fo u n d in g  f a c t o r s  t h a t  o c c u r  when s u r f a c e s  a r e  m odula ted  to  p roduce  
v e r t i c a l  d e p th  c o n t o u r s .  S u r fa c e s  w i th  v e r t i c a l  d e p th  c o n to u r s
■1t h e o r e t i c a l l y  p r o v id e  t h r e e  d i f f e r e n t  ty p e s  o f  i n f o r m a t io n  a b o u t  d e p th  
when th e y  a r e  view ed d u r in g  h o r i z o n t a l  l a t e r a l  movement. B e s id es  th e  
h o r i z o n t a l  r e l a t i v e  m o tio n  be tw een  d i f f e r e n t  p o i n t s  on th e  s u r f a c e  
( p a r a l l a x  m o t io n ) ,  o c c lu s i o n  e f f e c t s  w i l l  a l s o  be o bse rved  i f  t h e r e  i s  
a sh a rp  change i n  d e p th  w i t h in  th e  s u r f a c e .  As th e  o b s e r v e r  moves 
l a t e r a l l y  a s h a rp  v e r t i c a l  d e p th  c o n to u r  w i l l  o c c lu d e  o r  r e v e a l  o t h e r  
p a r t s  o f  th e  s u r f a c e .  F i n a l l y ,  as  th e  o b s e rv e r  moves l a t e r a l l y  w h i le  
v ie w in g  a v e r t i c a l l y  o r i e n t e d  s lo p e  in  d e p th ,  f o r  exam ple, t h e  a n g le  of 
t h e  s lo p e  w i th  r e s p e c t  to  th e  o b s e rv e r  w i l l  change . Hence, i f  th e  
s u r f a c e  i s  e v e n ly  t e x t u r e d ,  t h e  d e n s i t y  o f  t e x t u r e  w i l l  change a s  t h e  




i n f o r m a t io n .  For a h o r i z o n t a l l y  o r i e n t e d  s lo p e ,  on th e  o t h e r  h a n d ,  th e  
o r i e n t a t i o n  of t h e  d e p th  c o n to u r  i s  p a r a l l e l  to  t h e  d i r e c t i o n  of
movement and so t h e  a n g le  o f  s lo p e  w i th  r e s p e c t  to  t h e  o b s e r v e r  does
n o t  change a s  t h e  o b s e r v e r  moves l a t e r a l l y .  The d i f f e r e n t  ty p e s  o f  
d e p th  i n f o r m a t io n  a v a i l a b l e  d u r in g  h o r i z o n t a l  l a t e r a l  movement, w h i l e  
v ie w in g  a v e r t i c a l l y  o r i e n t e d  d e p th  s u r f a c e , a r e  shown i n  F ig u re  7 .9 .
I f  th e  e x t e n t  o f  o b s e r v e r  movement i s  n o t  l a r g e  and th e  4
s u r f a c e  i s  c o n t in u o u s  w i th  r e l a t i v e l y  sh a l lo w  d e p th  changes th e  
o c c lu s io n  e f f e c t s  can  be ^ l i m i n a t e d .  However, t h e  h o r i z o n t a l  r e l a t i v e
movement be tw een  p a r t s  o f  t h e  s u r f a c e  a t  d i f f e r e n t  d e p th s  w i l l  a lw ays
be accompanied by changes i n  t e x t u r e  d e n s i t y .  T h is  d id  n o t ,  how ever ,  
p r e s e n t  a  m ajor  p rob lem  f o r  t h e  p r e s e n t  e x p e r im e n t ,  s i n c e  t h e  changes  
i n  t e x t u r e  d e n s i t y  from d i f f e r e n t  v iew ing  p o s i t i o n s  w ere  g e n e r a l l y  too  
sm a l l  to be n o t i c e d  by th e  o b s e r v e r s .
In  th e  p r e s e n t  e x p e r im e n t ,  th r e s h o ld s  f o r  d e t e c t i n g  d e p th  
s u r f a c e s  which w ere  s i n u s o i d a l l y  m odulated  i n  one d im e n s io n ,  were 
m easured as  a  f u n c t i o n  o f  t h e  s p a t i a l  f re q u e n c y  o f  th e  d e p th  f-
c o r r u g a t i o n .  T h r e s h o ld s  were m easured b o th  when th e  c o r r u g a te d  d e p th  
s u r f a c e s  were o r i e n t e d  h o r i z o n t a l l y ,  so t h a t  t h e  c o r r u g a t i o n s  l a y  
p a r a l l e l  to  th e  d i r e c t i o n  i n  w hich  th e  o b s e rv e r  was m oving, and when 
th e y  were o r i e n t e d  v e r t i c a l l y  w i t h  th e  c o r r u g a t i o n s  o r th o g o n a l  to  th e  
d i r e c t i o n  of m o t io n .
i )  Method
The u s u a l  m o tio n  p a r a l l a x  and s t e r e o s c o p i c  d i s p l a y s  were used  to  
p r e s e n t  d e p th  s u r f a c e s  s p e c i f i e d  by r e l a t i v e  m o tion  o r  b i n o c u l a r  





F ig u r e  7 .9 .
Three  p o t e n t i a l  s o u rc e s  o f  i n f o r m a t io n  a b o u t  d e p th  a r e  a v a i l a b l e  when 
an o b s e r v e r  moves h o r i z o n t a l l y  w h i l e  v iew in g  a v e r t i c a l l y  o r i e n t e d  
d e p th  s u r f a c e .  For t h e  s u r f a c e  shown, in  a d d i t i o n  to  t h e  r e l a t i v e  
v e l o c i t y  be tw een  A and B (m o tio n  p a r a l l a x ) ,  th e  s u r f a c e  a t  C becomes 
p r o g r e s s i v e l y  o c c lu d e d .  M oreover , a d i f f e r e n c e  i n  t e x t u r e  d e n s i t y  
b e tw een  th e  s u r f a c e s  AB and BD o c c u r s  b e c au se  t h e y  a r e  a t  a d i f f e r e n t  
a n g le  w i t h  r e s p e c t  t o  t h e  o b s e r v e r .  Thé t e x t u r e  d e n s i t y  w i t h in  each  
s u r f a c e  changes  as  th e  a n g le  o f  s lo p e  w i th  r e s p e c t  t o  th e  o b s e rv e r  
changes  d u r in g  movement.
s p a t i a l  f r e q u e n c ie s  were u sed  a s  s t i m u l i .  These were p r e s e n t e d  w i th  
t h e  c o r r u g a t i o n s  o r i e n t e d  e i t h e r  h o r i z o n t a l l y  o r  v e r t i c a l l y .  In  b o th  
c a s e s ,  t h e  p a r a l l a x  o r  d i s p a r i t y  s i g n a l  was in t ro d u c e d  i n t o  t h e  X i n p u t  
o f  th e  o s c i l l o s c o p e .  However, to  p roduce  v e r t i c a l  c o r r u g a t i o n s  t h e  
l i n e  and fram e s i g n a l s  w hich  p roduced  th e  r a s t e r  were r e v e r s e d  so t h a t  
t h e y  went t o  t h e  Y and X i n p u t s  r e s p e c t i v e l y .  As d e s c r i b e d  above f o r  
t h e  Cornsw eet d e p th  s u r f a c e ,  t h i s  e n s u re d  t h a t  th e  l i n e  of c o n s t a n t  
r e l a t i v e  m otion  o r  d i s p a r i t y ,  and hence  d e p th ,  was o r i e n t e d  v e r t i c a l l y  
r a t h e r  t h a n  h o r i z o n t a l l y .  The d i f f e r e n t  p a t t e r n s  o f  r e l a t i v e  m o tio n s  
o r  d i s p a r i t i e s  which were p roduced  when h o r i z o n t a l  and v e r t i c a l  
c o r r u g a t i o n s  were p r e s e n te d  a r e  I l l u s t r a t e d  i n  F ig u re  7 .1 0 ,  f o r  a  
s u r f a c e  c o n t a i n i n g  one c y c l e  o f  a s i n u s o i d a l  c o r r u g a t i o n .  In  t h i s  
f i g u r e ,  t h e  a rrow s  show th e  change i n  p o s i t i o n  o f  d o t s  i n  a r e c t a n g u l a r  
g r i d  as  t h e  o b s e r v e r  moves from r i g h t  to  l e f t  w h ile  v iew in g  e i t h e r  a 
h o r i z o n t a l l y  ( a )  or  v e r t i c a l l y  (b )  o r i e n t e d  d e p th  c o r r u g a t i o n .  The 
a r ro w s  a l s o  r e p r e s e n t  th e  d i s p a r i t i e s  o f  i n d i v i d u a l  p o i n t s  which a r e  
p r e s e n t  i n  a  s t e r e o s c o p i c  v iew  o f  each  s u r f a c e .  I n  t h e  a c t u a l  
e x p e r im e n t ,  t h e  p a t t e r n  was a t o t a l l y  random a r r a y  o f  d o t s ,  r a t h e r  t h a n  
a r e c t a n g u l a r  g r i d ,  w hich  c a r r i e d  t h e  p a t t e r n  of r e l a t i v e  m o tion  o r  
d i s p a r i t y  I l l u s t r a t e d .
T h r e s h o ld s  were m easured  u s in g  an a s c e n d in g  method o f  l i m i t s .  
The peak to  t ro u g h  d e p th  a m p l i tu d e  of th e  c o r r u g a te d  s u r f a c e  was 
g r a d u a l l y  i n c r e a s e d  u n t i l  t h e  o b s e r v e r  co u ld  j u s t  p e r c e iv e  t h a t  th e  
s u r f a c e  was c o r r u g a t e d ,  and c o u ld  a l s o  r e p o r t  th e  phase  and number o f
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( q ) (b)
F ig u re  7 .1 0 .
The d i f f e r e n t  p a t t e r n s  o f  r e l a t i v e  m o tion  o r  d i s p a r i t y  which 
w ere  u sed  to  p roduce  e i t h e r  a  h o r i z o n t a l l y  (a )  o r  v e r t i c a l l y  (b) 
o r i e n t e d  d e p th  s u r f a c e  w hich c o n s i s t e d  o f  a s i n g l e  c y c le  of 
a s i n u s o i d a l  c o r r u g a t i o n .  The a rrow s  r e p r e s e n t  t h e  amount and 
d i r e c t i o n  o f  v e l o c i t y ,  o r  t h e  amount o f  d i s p a r i t y ,  f o r  d i f f e r e n t  
p a r t s  o f  th e  random d o t  p a t t e r n .
11) R e s u l t s
The t h r e s h o l d  d a ta  f o r  d e t e c t i n g  d e p th  c o r r u g a t i o n s  f o r  p a r a l l a x  
s u r f a c e s  o r i e n t e d  e i t h e r  h o r i z o n t a l l y  o r  v e r t i c a l l y ,  a r e  p l o t t e d  in  
F i g u r e  7 .1 1 ,  f o r  th e  t h r e e  o b s e r v e r s .  The p a t t e r n  o f  r e s u l t s  found f o r  
a l l  o b s e r v e r s  was s i m i l a r .  For  h o r i z o n t a l l y  o r i e n t e d  p a r a l l a x  
c o r r u g a t i o n s  th e  s e n s i t i v i t y  f u n c t i o n  peaked a t  around 0 .2  to  0 .4  
c y c /d e g  and s e n s i t i v i t y  f e l l - o f f  f o r  f r e q u e n c ie s  h i g h e r  and lo w er  th an  
t h i s .  T h is  p a t t e r n  was s i m i l a r  to  t h a t  found i n  p r e v io u s  t h r e s h o l d
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c y c l e s  o f  th e  c o r r u g a t i o n .  When o b s e r v e r s  cou ld  j u s t  p e r c e iv e  th e
s u r f a c e  th e y  p r e s s e d  a key which t e r m in a te d  th e  t r i a l  and a f l a t  random
d o t  s u r f a c e  was p r e s e n t e d  d u r in g  th e  i n t e r - t r i a l  i n t e r v a l .  The peak to  -f
t ro u g h  a m p l i tu d e  o f  t h e  s u r f a c e  when t h e  key  was p r e s s e d  was t a k e n  a s  a |
m easu re  o f  t h r e s h o l d .  T h is  t h r e s h o l d  v a lu e  d e te rm in e d  th e  s t a r t i n g  
a m p l i tu d e  f o r  t h e  n e x t  p r e s e n t a t i o n  o f  t h e  c o r r u g a te d  s u r f a c e  o f  t h a t  
s p a t i a l  f r e q u e n c y .  A s e s s i o n  c o n s i s t e d  o f  t h i r t y  t r i a l s  which
co m p rised  t e n  s e t t i n g s  a t  each  o f  t h r e e  s p a t i a l  f r e q u e n c ie s  p r e s e n t e d  
i n  random o r d e r .  For  each  f re q u e n c y  th e  p h ase  o f  t h e  c o r r u g a t i o n  was 
r e v e r s e d  on a l t e r n a t e  t r i a l s .  T h re sh o ld s  f o r  th e  o t h e r  t h r e e
f r e q u e n c i e s  were m easured i n  t h e  s u b seq u e n t  s e s s i o n .  T h re sh o ld s  f o r  
h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  s u r f a c e s  were m easured on s e p a r a t e  
d a y s .  A f t e r  a l l  t h e  t h r e s h o l d s  had been  m easured f o r  p a r a l l a x  d e p th  pIc o r r u g a t i o n s ,  th e  whole e x p e r im e n t  was r e p e a te d  f o r  s t e r e o s c o p i c  %
s u r f a c e s .  B e fo re  th e  e x p e r im e n ta l  s e s s i o n s ,  s e v e r a l  p r a c t i c e  s e s s i o n s  
w ere  r u n ,  m a in ly  w i th  v e r t i c a l l y  o r i e n t e d  c o r r u g a t i o n s ,  to  a l lo w
'  Îo b s e r v e r s  t o  become used  to  v ie w in g  d ep th  s u r f a c e s  i n  t h i s  o r i e n t a t i o n .
T h ree  o b s e r v e r s  to o k  p a r t  i n  t h e  e x p e r im e n t ,  one o f  whom was n a iv e  as  
t o  i t s  p u r p o s e .
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Spatial Frequency (cyc/deg)
PARALLAX
F ig u re  7.1 I .
S e n s i t i v i t y  f u n c t i o n s  f o r  d e t e c t i n g  h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  J  
p a r a l l a x  d e p th  c o r r u g a t i o n s .  D a ta  a r e  shown f o r  th e  t h r e e  o b s e r v e r s .  |
The e q u i v a l e n t  p e a k  t o  t r o u g h  d i s p a r i t y  a t  t h r e s h o l d  i s  p l o t t e d  a s  a 
f u n c t i o n  o f  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  d e p th  c o r r u g a t i o n .  .yOpen sym bols show d a t a  f o r  v e r t i c a l l y  o r i e n t e d  c o r r u g a t i o n s ,  c lo s e d  symbols ' 
d a t a  f o r  h o r i z o n t a l l y  o r i e n t e d  c o i r u g a t i p n s , ,  .......................... .
X■S
-I
e x p e r im e n ts  u s in g  th e s e  s t i m u l i  ( s e e  F ig u re  4 . 4 ) .  The most s t r i k i n g  
a s p e c t  of  th e  d a ta  was th e  s e n s i t i v i t y  f u n c t i o n s  o b se rv e d  f o r  |
v e r t i c a l l y  o r i e n t e d  c o r r u g a t i o n s ,  w here  t h e r e  was a v e ry  l a r g e  d e c r e a s e  
i n  s e n s i t i v i t y  a t  th e  low f r e q u e n c y  end of th e  f u n c t i o n .  For d e p th  
s p a t i a l  f r e q u e n c ie s  below 0 .2  c y c /d e g  th e  t h r e s h o l d s  f o r  v e r t i c a l  
c o r r u g a t i o n s  were c o n s i d e r a b l y  h i g h e r  th a n  t h o s e  f o r  h o r i z o n t a l  
c o r r u g a t i o n s ,  by r o u g h ly  a f a c t o r  of  two. In  t h e  h ig h  f re q u e n c y  
r e g i o n ,  how ever, t h e  o p p o s i t e  r e l a t i o n  o c c u r r e d .  Here t h r e s h o l d s  were 
s l i g h t l y  low er  f o r  v e r t i c a l  th a n  f o r  h o r i z o n t a l  c o r r u g a t i o n s .  The 
r e g i o n  o f  peak s e n s i t i v i t y  a l s o  seemed to  be s h i f t e d  to  a h ig h e r  
s p a t i a l  f r e q u e n c y  f o r  v e r t i c a l  c o r r u g a t i o n s .
IF o r  d e p th  c o r r u g a t i o n s  s p e c i f i f e d  by s t e r e o s c o p i c  i n f o r m a t io n ,  g
t h e  p a t t e r n  o f  r e s u l t s  a p p e a re d  to  be s l i g h t l y  d i f f e r e n t .  The d a ta  a r e  
p l o t t e d  i n  F ig u re  7 .1 2 .  Over a w ide  ran g e  of f r e q u e n c i e s ,  t h r e s h o ld s
f o r  d e t e c t i n g  v e r t i c a l l y - o r i e n t e d  c o r r u g a te d  s u r f a c e s  were v e ry  much 
g r e a t e r  th a n  th o se  f o r  d e t e c t i n g  h o r i z o n t a l  c o r r u g a t i o n s .  T h is  was 
p a r t i c u l a r l y  t r u e  f o r  c o r r u g a te d  s u r f a c e s  o f  low s p a t i a l  f r e q u e n c ie s  
w here  th e  d i f f e r e n c e  i n  t h r e s h o l d  c o u ld  be as much as  a f a c t o r  o f  
e i g h t .  D i f f e r e n c e s  i n  h o r i z o n t a l / v e r t i c a l  t h r e s h o l d s  w e re ,  t h e r e f o r e ,  
much g r e a t e r  f o r  low s p a t i a l  f r e q u e n c i e s ,  and i n  t h i s  r e s p e c t  th e  
r e s u l t s  were s i m i l a r  to  th o s e  found f o r  p a r a l l a x  c o r r u g a t i o n s .
However, t h e r e  was a l s o  an  o v e r a l l  i n s e n s i t i v i t y  to  v e r t i c a l l y  o r i e n t e d  
c o r r u g a t i o n s  when th e  d e p th  was s p e c i f i e d  s t e r e o s c o p i c a l l y .
i i i )  D i s c u s s io n
The s e n s i t i v i t y  f u n c t i o n s  f o r  d e t e c t i n g  s i n u s o i d a l  d e p th
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STEREO
F ig u re  7 .1 2 .
S e n s i t i v i t y  f u n c t i o n s  m easu red  f o r  t h e  t h r e e  o b s e r v e r s ,  f o r  d e t e c t i n g  
h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  s t e r e o s c o p i c  d e p th  c o r r u g a t i o n s .  
The peak  t o  t r o u g h  d i s p a r i t y  a t  t h r e s h o l d  i s  p l o t t e d  a s  a  f u n c t i o n  o f  
th e  s p a t i a l  f r e q u e n c y  o f  t h e  d e p th  c o r r u g a t i o n .  Open s ÿ b o l s  -  v e r t i c a l
-  h o r i z o n t a l  c o r r u g a t i o n ; ^  ' ' ,
1
d e m o n s t r a te  t h a t  an a n i s o t r o p y  o c c u rs  in  s e n s i t i v i t y  to  d e p th  
m o d u la t i o n .  Excep t a t  h ig h  s p a t i a l  f r e q u e n c i e s ,  t h r e s h o l d s  f o r
d e t e c t i n g  v e r t i c a l l y  o r i e n t e d  c o r r u g a t i o n s  were much h i g h e r  th a n  th o s e  
f o r  d e t e c t i n g  h o r i z o n t a l  c o r r u g a t i o n s .  M oreover ,  t h e  r e l a t i v e
s e n s i t i v i t y  d i f f e r e n c e  be tw een  c o r r u g a t i o n s  w i th  low and peak s p a t i a l
f r e q u e n c i e s  was much l a r g e r  f o r  v e r t i c a l  c o r r u g a t i o n s  and th e  r e g i o n  o f  
peak  s e n s i t i v i t y  a p p eared  to  be s h i f t e d  s l i g h t l y  t o  h ig h e r  s p a t i a l  
f r e q u e n c i e s .
I
T h re s h o ld s  o b ta in e d  f o r  s t e r e o  s u r f a c e s  showed an even l a r g e r  
a n i s o t r o p y  th a n  p a r a l l a x  d e p th  t h r e s h o l d s .  In  F ig u re  7 .1 3 ,  th e  
s e n s i t i v i t y  f u n c t i o n s  f o r  s t e r e o s c o p i c  s u r f a c e s ,  w hich were p l o t t e d  in  
F i g u r e  7 .1 2 ,  have  been s h i f t e d  v e r t i c a l l y  r e l a t i v e  to  each  o t h e r ,  as  
i n d i c a t e d  by th e  d o t t e d  l i n e .  (The f u n c t i o n s  have  been s h i f t e d ,  
a r b i t r a r i l y ,  by a f a c t o r  o f  2 .5  f o r  o b s e r v e r s  BJR and SF and by a 
f a c t o r e  o f  1 .7  f o r  o b s e rv e r  MEG). I t  can be seen  t h a t ,  w i th  t h i s  
m a n i p u l a t i o n ,  t h e  h o r i z o n t a l / v e r t i c a l  d i f f e r e n c e s  in  s t e r e o s c o p i c  
t h r e s h o l d s  a r e  v e ry  s i m i l a r  t o  th o s e  o b se rv ed  f o r  p a r a l l a x  s u r f a c e s  
( s e e  F ig u r e  7 .1 1 ) .  T h is  s u g g e s t s  t h a t ,  b e s id e s  th e  g e n e r a l  r e l a t i v e  
i n s e n s i t i v i t y  to  low f r e q u e n c y  v e r t i c a l  d ep th  c o r r u g a t i o n s  shown hy 
b o th  d e p th  p r o c e s s e s ,  th e  s t e r e o s c o p i c  sys tem  shows an a d d i t i o n a l  
i n s e n s i t i v i t y  to  v e r t i c a l  c o r r u g a t i o n s  which i s  in d e p e n d e n t  o f  
f r e q u e n c y .
I n  l i n e  w i th  t h e  argum ent p r e s e n te d  e a r l i e r ,  t h e s e  r e s u l t s  
c o n f i rm  t h e  p r e d i c t i o n  t h a t  t h e  a n i s o t r o p y  found i n  th e  e x t e n t  of th e  
C ornsw eet i l l u s i o n  i s  accom panied  by s i m i l a r  a n i s o t r o p i e s  i n  o t h e r  
p s y c h o p h y s i c a l  t a s k s .  In  p a r t i c u l a r ,  th e  o b s e r v a t i o n  t h a t  t h e  
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Spatial Frequency (cyc/deg)
JSTEREO
F ig u r e  7 .1 3 .
The s e n s i t i v i t y  f u n c t i o n s  f o r  d e t e c t i n g  s t e r e o s c o p i c  d e p th  c o r r u g a t i o n s  which, 
w ere  p l o t t e d  i n  F i g u r e  7 .1 2  have  been  r e p l o t t e d  w i th  t h e  d a t a  f o r  
h o r i z o n t a l l y  o r i e n t e d  c o r r u g a t i o n s  ( c lo s e d  symbols) s h i f t e d  up by  a f a c t o r  -W o f  2 .5  f o r  BJR and SF and by a f a c t o r  o f  1 .7  f o r  MEG.
l a r g e r  f o r  v e r t i c a l  c o r r u g a t i o n s  i s  c o n s i s t e n t  w i th  an e x p la n a t i o n  o f  
t h e  Cornsweet i l l u s i o n  i n  te rm s  o f  a r e l a t i v e  i n s e n s i t i v i t y  to  low 
s p a t i a l  f r e q u e n c i e s .  I t  seems t h a t  th e  low f re q u e n c y  f a l l  o f f  i n  
s e n s i t i v i t y  to  d e p th  m o d u la t io n  f o r  h o r i z o n t a l  s u r f a c e s  i s  nOt l a r g e  
enough to  p roduce  t h e  Cornsw eet d e p th  i l l u s i o n  w hich i s  o b se rv ed  f o r  a 
v e r t i c a l l y  o r i e n t e d  s u r f a c e .
The C ornsw eet i l l u s i o n  i s ,  o f  c o u r s e ,  " a s u p r a t h r e s h o l d  
d e p th  e f f e c t  and t h e  s e n s i t i v i t y  m easu res  used i n  t h e  e x p e r im e n t  j u s t  
d e s c r i b e d  a r e  t h r e s h o l d  m e a s u re s .  The e x a c t  r e l a t i o n s h i p  betw een  
t h r e s h o l d  and s u p r a - t h r e s h o l d  c h a r a c t e r i s t i c s  o f  v i s u a l  p r o c e s s in g  
sy s te m s  i s  d i f f i c u l t  t o  d e te r m in e  and i s  n o t  n e c e s s a r i l y  a d i r e c t  one 
(B ra d d ic k  e t  a l . ,  1978; G eorgeson and S u l l i v a n ,  1975). I t  was 
t h e r e f o r e  d ec id ed  t o  i n v e s t i g a t e  w h e th e r  an a n i s o t r o p y  in  s e n s i t i v i t y  
c o u ld  a l s o  be m easu red  u s in g  a s u p r a - t h r e s h o l d  t e c h n iq u e .  In  
p a r t i c u l a r ,  a f u r t h e r  e x p e r im e n t  was c a r r i e d  ou t  to  d e te rm in e  w h e th e r  
an  a n i s o t r o p y  would be e v i d e n t  i n  a t a s k  which r e q u i r e d  o b s e r v e r s  to  
m atch  the  p e rc e iv e d  d e p th  o f  b o th  h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  
s u r f a c e s ,  which w ere  s i n u s o i d a l l y  m odu la ted  i n  d e p th  w i th  an a m p l i tu d e  
w e l l  above t h r e s h o l d .
7 .3  M atching  th e  p e r c e iv e d  d e p th  o f  h o r i z o n t a l  and v e r t i c a l  d e p th  
c o r r u g a t i o n s .
A s im p le  m a tc h in g  t a s k  was c a r r i e d  ou t  to  i n v e s t i g a t e  w h e th e r  
t h e r e  was a s u p r a - t h r e s h o l d  a n i s o t r o p y  in  s e n s i t i v i t y  f o r  d e p th  
m o d u la t io n s  s p e c i f i e d  e i t h e r  s t e r e o s c o p i c a l l y  o r  by m otion  p a r a l l a x .  
O b se rv e rs  were r e q u i r e d  to  d i r e c t l y  match th e  p e rc e iv e d  d e p th  o f
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'  7  ;
h o r i z o n t a l l y  and v e r t i c a l l y  o r i e n t e d  dep th  s u r f a c e s  which were 
s i n u s o i d a l l y  m odula ted  i n  d e p th  w i th  th e  same s p a t i a l  f r e q u e n c y .  From 
t h e  r e s u l t s  o b ta in e d  f o r  t h r e s h o l d  s e n s i t i v i t y ,  i t  was e x p e c te d  t h a t  
t h e  p e r c e iv e d  d e p th  o f  a  v e r t i c a l  c o r r u g a t i o n  would be l e s s  th a n  th e  
p e r c e iv e d  d e p th  o f  a h o r i z o n t a l  c o r r u g a t i o n  a l t h o u g h ,  p h y s i c a l l y ,  they  
b o th  c o n ta in e d  th e  same a m p l i tu d e  o f  peak to  t ro u g h  d e p th .  M oreover, 
t h i s  e f f e c t  was e x p e c te d  to  o c c u r  t o  a g r e a t e r  e x t e n t  f o r  c o r r u g a te d  
s u r f a c e s  o f  low s p a t i a l  f r e q u e n c i e s  and to  be l e s s  i n  e v id e n c e ,  o r  non­
e x i s t e n t ,  f o r  c o r r u g a t i o n s  o f  medium o r  h ig h e r  s p a t i a l  f r e q u e n c i e s .
i )  Method
The c h a r a c t e r i s t i c s  o f  th e  m otion  p a r a l l a x  and s t e r e o s c o p i c  
d i s p l a y s  used  to  d i s p l a y  t h e  d e p th  s u r f a c e s  w e re ,  e s s e n t i a l l y ,  th e  same 
a s  th o s e  used  in  p r e v io u s  e x p e r im e n t s .  V e r t i c a l  and h o r i z o n t a l  
c o r r u g a t i o n s  were a g a in  p roduced  by chang ing  o v e r  t h e  l i n e  and frame 
d e f l e c t i o n  s i g n a l s ,  w h i l e  t h e  d i s t o r t i o n  s i g n a l  rem ained  th e  same. 
S in c e  i n  t h i s  ex p e r im e n t  i t  was n e c e s s a r y  to  swap r a p i d l y  betw een 
h o r i z o n t a l  and v e r t i c a l  c o r r u g a t i o n s  to  a l lo w  a m atch  to  be made, the  
a p p a r a t u s  was m o d if ie d  s l i g h t l y  so t h a t  th e  l i n e  and fram e s i g n a l s  
c o u ld  be changed ove r  by d e p r e s s in g  a s i n g l e  s w i t c h .  In  a d d i t i o n ,  th e  
s i z e  o f  t h e  p a t t e r n  was reduced  so t h a t  th e  256 by 256 a r r a y  occup ied  
an  a r e a  which was 20 degs  s q u a r e .  T h is  was done by a d j u s t i n g  th e  g a in  
o f  t h e  X and Y a m p l i f i e r s  to  be e q u a l ,  so t h a t  t h e  r a s t e r  was s q u a r e .  
T h is  m o d i f i c a t i o n  e n su re d  t h a t  t h e  d o t  s i z e  and s p a c in g  were i d e n t i c a l  
a lo n g  bo th  th e  rows and columns o f  th e  random d o t  p a t t e r n  and t h a t  a 
c o r r u g a t e d  s u r f a c e  c o n t a i n i n g  f o u r  c y c le s  a c r o s s  t h e  p a t t e r n  was o f  th e  
same s p a t i a l  f re q u e n c y  as  one c o n ta i n in g  f o u r  c y c l e s  down th e  p a t t e r n .  




in a flat random dot surface when the raster was reversed.
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On each  t r i a l ,  t h e  o b s e r v e r  was p r e s e n te d  w i th  a  h o r i z o n t a l l y  i\
?c o r r u g a te d  d e p th  s u r f a c e  o f  a  p a r t i c u l a r  s p a t i a l  f r e q u e n c y .  A f t e r  t e n  
s e c o n d s ,  t h e  random d o t  p a t t e r n  was b lan k ed  o u t  f o r  two se co n d s  and 
th e n  a  v e r t i c a l l y  c o r r u g a t e d  s u r f a c e  o f  th e  same s p a t i a l  f r e q u e n c y  was 
p r e s e n te d  f o r  a n o th e r  t e n  s e c o n d s .  T h is  was a g a in  fo l lo w e d  by a  two
second b la n k  p e r i o d  and th e  w hole  sequence  was r e p e a t e d  t e n  t i m e s . The
■i
r a s t e r  was r e v e r s e d  d u r in g  t h e  b la n k  p e r i o d ,  when no p a t t e r n  was Â
v i s i b l e ,  so t h a t  th e  sudden  change  i n  th e  o r i e n t a t i o n  o f  th e  p a t t e r n  
co u ld  n o t  be p e r c e i v e d .  The o b s e r v e r s  t a s k  was to  a d j u s t  th e  peak  to  
t ro u g h  d e p th  a m p l i tu d e  o f  t h e  v e r t i c a l  d e p th  c o r r u g a t i o n ,  so t h a t  i t s  
p e r c e iv e d  d e p th  was e q u a l  to  t h a t  o f  th e  h o r i z o n t a l  c o r r u g a t i o n ,  which 
was p r e s e n t e d  w i th  a  f i x e d  a m p l i t u d e .  To do t h i s ,  t h e  o b s e r v e r  
a d ju s t e d  a c o n t r o l  w hich  v a r i e d  th e  o v e r a l l  amount o f  r e l a t i v e  
movement, o r  d i s p a r i t y ,  i n  t h e  v e r t i c a l  c o r r u g a t i o n  w h i le  l e a v i n g  th e  
h o r i z o n t a l  a m p l i tu d e  un ch an g ed .  I n  t h e  c a se  of p a r a l l a x ,  t h e  peak  to  
t ro u g h  a m p l i tu d e  o f  th e  h o r i z o n t a l l y  c o r r u g a te d  s u r f a c e  was e q u i v a l e n t  
t o  4 min a r c  o f  d i s p a r i t y ,  w h i l e  f o r  s t e r e o s c o p i c  m a tc h in g  i t  was 2 min 
a r c .  The o b s e r v e r  was r e q u i r e d  to  make th e  match w i t h i n  t h e  t e n  
p r e s e n t a t i o n  c y c l e s  and was a sk ed  t o  scan  over  th e  w hole s u r f a c e  w h i le  i
making th e  m a tc h ,  to  e n s u re  t h a t  n e g a t i v e  a f t e r e f f e c t s  d id  n o t  b u i l d  
up . D uring  e a ch  s e s s i o n  two m a tc h es  were o b ta in e d  f o r  h o r i z o n t a l  and 
v e r t i c a l  c o r r u g a t i o n s  o f  s i x  s p a t i a l  f r e q u e n c i e s .  Two o b s e r v e r s  to o k  %
p a r t  i n  t h e  e x p e r im e n t  and two s e s s io n s  were c a r r i e d  ou t  f o r  b o th  
p a r a l l a x  and s t e r e o s c o p i c  d e p th  s u r f a c e s .
ii) Results
aI
The d e p th  I n  th e  v e r t i c a l  c o r r u g a t i o n  t h a t  was m atched w i th  th e  
s t a n d a r d  d e p th  of  th e  h o r i z o n t a l  c o r r u g a t i o n  was e x p re s s e d  i n  te rm s  o f  
t h e  r a t i o  o f  th e  m atched peak  t o  t ro u g h  d e p th  t o  t h e  s t a n d a r d  peak  t o  Ïï
t r o u g h  d e p th .  T h is  r a t i o  i s  p l o t t e d  a s  a  f u n c t i o n  o f  th e  s p a t i a l
f r e q u e n c y  o f  t h e  d e p th  c o r r u g a t i o n  i n  F ig u re  7 .1 4 .  F ig u re  7 .1 4 a  shows 
t h e  d a t a  f o r  th e  two o b s e r v e r s ,  f o r  d e p th  s u r f a c e s  s p e c i f i e d  by m o tio n  
p a r a l l a x  i n f o r m a t io n ,  w h i l e  F ig u r e  7 .1 4 b  show th e  d a t a  o b ta in e d  w i th  
s t e r e o s c o p i c  s u r f a c e s .  For p a r a l l a x  s u r f a c e s ,  th e  m atched d e p th  o f  t h e  
v e r t i c a l  c o r r u g a t i o n  was g r e a t e r  th a n  th e  s ta n d a r d  d e p th  o f  th e
h o r i z o n t a l  c o r r u g a t i o n  when t h e  s p a t i a l  f re q u e n c y  o f  th e  c o r r u g a t i o n  
was below  0 .2  c y c /d e g .  F o r  c o r r u g a te d  s u r f a c e s  o f  0 .0 5  c y c l e s  p e r  
d e g r e e ,  f o r  exam ple, t h e  two c o r r u g a t i o n s  were p e rc e iv e d  to  be a t  th e
same d e p th  o n ly  when th e  p h y s i c a l  d e p th  o f  th e  v e r t i c a l  c o r r u g a t i o n  was r|
d o u b le  t h a t  o f  th e  h o r i z o n t a l  c o r r u g a t i o n .  However, above 2 c y c l e s  p e r  
d e g r e e ,  t h e  m atched d ep th  o f  t h e  v e r t i c a l  c o r r u g a t i o n  was s l i g h t l y  l e s s  
t h a n  th e  s t a n d a r d  d e p th .  I n  t h e  s t e r e o s c o p i c  m atch ing  t a s k ,  on th e  
o t h e r  han d , i t  was found t h a t  f o r  c o r r u g a te d  d e p th  s u r f a c e s  o f  0 .2
c y c /d e g  and above , th e  m atched  d e p th  o f  th e  v e r t i c a l  s u r f a c e  was v e ry
c l o s e  t o  th e  p h y s i c a l  d e p th  p r e s e n t  i n  t h e  h o r i z o n t a l  s u r f a c e .  •
However, a s  f o r  p a r a l l a x  s u r f a c e s ,  a t  low er  s p a t i a l  f r e q u e n c i e s  t h e  
v e r t i c a l  peak to  t ro u g h  d e p th  needed  to  match a h o r i z o n t a l  d e p th  o f  2 
min a r c  was g r e a t e r  th a n  2 min a r c .  I n  f a c t ,  f o r  c o r r u g a t i o n s  o f  0 .0 5  
c y c /d e g  n e a r l y  8 min a r c  o f  d e p th  was needed to  match th e  s t a n d a r d  2 
min a r c ,  th u s  r e p r e s e n t i n g  a  r e l a t i v e  i n s e n s i t i v i t y  to  v e r t i c a l  
c o r r u g a t i o n s  of abou t a  f a c t o r  o f  f o u r .  The a n i s o t r o p y  a t  low s p a t i a l
f r e q u e n c i e s  found i n  th e  p r e s e n t  m a tc h in g  t a s k  was, t h e r e f o r e ,  g r e a t e r
when th e  d e p th  s u r f a c e s  were s p e c i f i e d  s t e r e o s c o p i c a l l y  th a n  when th e y  
were s p e c i f i e d  by p a r a l l a x  i n f o r m a t i o n .  T h is  i s  s i m i l a r  ' t o  th e  
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The r a t i o  o f  t h e  m atched  d e p th  o f  a v e r t i c a l  c o r r u g a t i o n  t o  t h e  
s t a n d a r d  d e p th  o f  a h o r i z o n t a l  c o r r u g a t i o n  i s  p l o t t e d  as  a f u n c t i o n  
o f  t h e  s p a t i a l  f r e q u e n c y  o f  th e  c o r r u g a t i o n .  D ata  a r e  shown f o r  o b s e r v e r s  
MEG (•) and BJR (■) f  ô r i p à r ’aTlàxjJCa)! ahd:>stereov (bVcdebfhV s ü r f a d e s .
experiments described previously.
7 .4  G e n e ra l  d i s c u s s i o n .
The e x p e r im e n ts  r e p o r t e d  i n  t h i s  c h a p te r  show t h a t  t h e r e  a r e  
l a r g e  a n i s o t r o p i e s  i n  t h e  p r o c e s s in g  o f  d e p th  i n f o r m a t i o n .  At
t h r e s h o l d ,  s e n s i t i v i t y  to  s i n u s o i d a l  d e p th  m o d u la t io n s  o f  low s p a t i a l  
f r e q u e n c i e s  i s  much g r e a t e r  f o r  h o r i z o n t a l l y  th a n  f o r  v e r t i c a l l y  
o r i e n t e d  s u r f a c e s .  T h is  d i f f e r e n c e  i n  h o r i z o n t a l / v e r t i c a l  s e n s i t i v i t y  
f o r  low f re q u e n c y  c o r r u g a t i o n s  i s  a l s o  o b se rv e d  f o r  s u r f a c e s  w hich a r e  
c o n s id e r a b l y  above t h r e s h o l d .  I n  o r d e r  to  match th e  p e r c e iv e d  peak  to  
t r o u g h  d e p th  o f  a  h o r i z o n t a l  c o r r u g a t i o n ,  th e  v e r t i c a l  c o r r u g a t i o n  h as  
t o  c o n ta i n  up to  f o u r  t im e s  th e  p h y s i c a l  d e p th  o f  t h e  h o r i z o n t a l
c o r r u g a t i o n .  These d i f f e r e n c e s  i n  s e n s i t i v i t y  may form  th e  b a s i s  f o r  
t h e  Cornsweet i l l u s i o n  f o r  v i s u a l  d e p th  which a l s o  shows an a n i s o t r o p y .  
I n  th e  Cornsweet i l l u s i o n ,  w hich i s  a  s u p r a - t h r e s h o l d  e f f e c t ,  l a r g e  
i l l u s o r y  d e p th  d i f f e r e n c e s ,  be tw een  e q u i d i s t a n t  a r e a s ,  a r e  p e r c e iv e d  
when th e  C ornsw eet d e p th  s u r f a c e  i s  o r i e n t e d  v e r t i c a l l y  b u t  n o t  when 
t h e  s u r f a c e  i s  o r i e n t e d  h o r i z o n t a l l y  (R ogers  and Graham, 198 2 b ) .
These r e s u l t s  r a i s e  th e  q u e s t i o n  o f  th e  u n d e r ly in g  r e a s o n  f o r
th e  a n i s o t r o p i e s . S in c e  th e y  o c c u r  f o r  d ep th  s u r f a c e s  s p e c i f i e d  by
p a r a l l a x  i n f o r m a t io n  a s  w e l l  as  th o s e  s p e c i f i e d  by b i n o c u l a r  
d i s p a r i t i e s ,  th e y  a r e  u n l i k e l y  to  be due to  any i n h e r e n t  a n i s o t r o p y  o f  
t h e  s t e r e o s c o p i c  sy s te m  (b e c a u s e  o f  i t s  r e l i a n c e  on h o r i z o n t a l  r a t h e r  
t h e n  v e r t i c a l  d i s p a r i t i e s ) .  An a n i s o t r o p i c  f a c t o r  u n iq u e  to  s t e r e o p s i s  
m ig h t ,  however, a c c o u n t  f o r  t h e  s l i g h t l y  d i f f e r e n t  p a t t e r n  o f  t h r e s h o l d  
a n i s o t r o p y  found f o r  s t e r e o s c o p i c  s u r f a c e s .  T h is  d i f f e r e n c e  seemed to
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be due to  an  a d d i t i o n a l  a n i s o t r o p i c  component which a t t e n u a t e d  
s e n s i t i v i t y  t o  v e r t i c a l  s t e r e o  c o r r u g a t i o n s  r e g a r d l e s s  o f  f r e q u e n c y .  
A l t e r n a t i v e l y ,  t h i s  component may have been  due to  an i n c r e a s e d  
f a m i l i a r i t y  w i t h  h o r i z o n t a l l y - o r i e n t e d  s t e r e o  s u r f a c e s .  The g e n e r a l  
p a t t e r n  o f  v e r t i c a l - h o r i z o n t a l  d i f f e r e n c e s  a t  low b u t  n o t  a t  h ig h
and p a r a l l a x  d e p th  s u r f a c e s  and was e v id e n t  a t  b o th  t h r e s h o l d  and 
s u p r a - t h r e s h o l d  l e v e l s .
1
»s p a t i a l  f r e q u e n c i e s  o f  d e p th  m o d u la t io n  o c c u re d  f o r  b o th  s t e r e o s c o p i c
One p o s s i b l e  e x p l a n a t i o n , o f  th e  a n i s o t r o p y  i s  t h a t  th e  s p a t i a l  
i n t e r a c t i o n s  w hich  a r e  assumed to  u n d e r ly  t h e  p r o c e s s in g  o f  d e p th  
change  a r e  n o t  c i r c u l a r l y  sy m m etr ic .  T hat i s ,  t h a t  th e  e x t e n t  o f  |
s p a t i a l  i n t e r a c t i o n s  i n  one d i r e c t i o n  i s  g r e a t e r  th a n  t h a t  i n  th e  "
o t h e r .  To e x p l a i n  t h e  g r e a t e r  i n s e n s i t i v i t y  to  v e r t i c a l  c o r r u g a t i o n s ,  
t h e  amount o r  e x t e n t  o f  i n h i b i t o r y  i n t e r a c t i o n s  be tw een  a d j a c e n t  a r e a s
w ould have  t o  be g r e a t e r  i n  a  h o r i z o n t a l  d i r e c t i o n  th a n  i n  a  v e r t i c a l
/d i r e c t i o n .  T h is  m igh t  be due to  th e  p re s e n c e  o f  a sym m etr ic  d e p th  ^
r e c e p t i v e  f i e l d s  which have a  s m a l l e r  i n h i b i t o r y  r e g i o n  v e r t i c a l l y  th a n  |
h o r i z o n t a l l y ,  o r  p e rh a p s  to  a  g r e a t e r  number o f  o r i e n t e d  r e c e p t i v e  
f i e l d s ,  w i th  i n h i b i t o r y  f l a n k s  r a t h e r  th a n  s u r r o u n d s ,  whose p r e f e r r e d  
o r i e n t a t i o n  was v e r t i c a l .  T h is  a n i s o t r o p y  would th e n  o n ly  be p r e s e n t  
f o r  l a r g e  r e c e p t i v e  f i e l d s .  Mechanisms r e s p o n s i v e  to  h ig h  s p a t i a l  
f r e q u e n c i e s  would p e rh a p s  show a  more sym m etric  o r g a n i s a t i o n  and m ight 
p r o c e s s  d e p th  i n f o r m a t io n  i n  a  r a t h e r  d i f f e r e n t  manner from  th e  l a r g e  
d e p th  r e c e p t i v e  f i e l d s .
An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  t h e  t h e  a n i s o t r o p y  does n o t  
r e f l e c t  any d i f f e r e n c e  i n  t h e  e x t e n t  o f  h o r i z o n t a l / v e r t i c a l  s p a t i a l  
i n t e r a c t i o n s  w i t h i n  th e  d e p th  p r o c e s s in g  s y s te m s ,  b u t  r a t h e r  r e s u l t s
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e a s i e r  to  p r o c e s s  th a n  th e  o t h e r .  I n  p a r t i c u l a r ,  to  e x p l a i n  th e  
a n i s o t r o p y  found  h e r e ,  th e  s h e a r  t r a n s f o r m a t i o n  would have  to  be e a s i e r  
t o  p i c k  up t h a n  th e  e x p a n s io n  p a t t e r n .  S ince  th e  a n i s o t r o p y  o c c u r s  f o r  
c o r r u g a t i o n s  o f  low , b u t  n o t  h i g h ,  s p a t i a l  f r e q u e n c ie s  i t  would a l s o  be
n e c e s s a r y  t h a t  t h e  d i f f e r e n c e  i n  e a s e  of  p r o c e s s in g  be tw een  s h e a r  and
e x p a n s io n  t r a n s f o r m a t i o n s  o n ly  o c c u r s  when th e  s h e a r  o r  e x p a n s io n  
o c c u rs  o v e r  a  r e l a t i v e l y  l a r g e  a r e a  o f  s p a c e .  T h is  would be t h e  c a s e  
i f  t h e  mechanisms w hich e x t r a c t  t h e  l o c a l  t r a n s f o r m a t i o n s  h av e  a
minimum r e c e p t i v e  f i e l d  s i z e  o f ,  s a y ,  a  deg ree  o r  s o .  Then , a t  h ig h  
s p a t i a l  f r e q u e n c i e s  th e  a r e a  o v e r  w hich  th e  l o c a l  t r a n s f o r m a t i o n  o c c u r s  
would be to o  s m a l l  f o r  th e  p a t t e r n  t o  be r e g i s t e r e d .  I f  t h i s  i s  th e  
c a s e ,  th e n  a n o th e r  ty p e  o f  p r o c e s s ,  o r  mechanism, would need  to  be 
invoked  to  e x p l a i n  t h e  a b i l i t y  to  p e r c e iv e  d e p th  s u r f a c e s  o f  h ig h  
s p a t i a l  f r e q u e n c i e s .
As d i s c u s s e d  i n  c h a p te r  2 ,  th e  id e a  t h a t  t h e  p r o c e s s i n g  o f
p a r a l l a x  d e p th  i s  b a sed  on p i c k i n g  up d i f f e r e n t  l o c a l  p a t t e r n s  of
.1
from th e  d i f f e r e n t  p a t t e r n i n g ,  o v e r  l o c a l  a r e a s ,  o f  t h e  r e l a t i v e  
v e l o c i t i e s  o r  d i s p a r i t i e s  w hich  s p e c i f y  h o r i z o n t a l l y  and v e r t i c a l l y  
c o r r u g a te d  s u r f a c e s .  As i l l u s t r a t e d  i n  F ig u re  7 .1 0 ,  f o r  h o r i z o n t a l l y  
o r i e n t e d  c o r r u g a t i o n s  t h e  p a t t e r n  o f  r e l a t i v e  v e l o c i t i e s  o r  d i s p a r i t i e s  i
w hich s im u l a t e s  a  s i n g l e  c y c l e  o f  a  h o r i z o n t a l  d e p th  m o d u la t io n  can  be 
c h a r a c t e r i s e d  a s  a  s h e a r i n g  m o tion  betw een h o r i z o n t a l  bands  o f  th e  
s u r f a c e .  The p a t t e r n  p roduced  by a v e r t i c a l l y  o r i e n t e d  c o r r u g a t i o n ,  on 
t h e  o t h e r  h a n d ,  c an  be c h a r a c t e r i s e d  a s  a o n e -d im e n s io n a l  e x p a n s io n  and 
c o n t r a c t i o n  w i t h i n  v e r t i c a l  bands o f  th e  s u r f a c e .  I f  t h e  p r o c e s s i n g  o f  
d e p th  i n f o r m a t io n  depends on p r o c e s s in g  th e  d i f f e r e n t  p a t t e r n s  o f  
v e l o c i t i e s ,  o r  d i s p a r i t i e s ,  o v e r  l o c a l  a r e a s  o f  s p a c e ,  t h a n  t h e  
o b se rv e d  a n i s o t r o p i e s  m igh t r e s u l t  because  one o f  t h e s e  p a t t e r n s  i s
■=/
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iv e l o c i t i e s  p la y s  a m ajor  r o l e  i n  c o m p u ta t io n a l  t h e o r i e s  o f  m o tio n  
p a r a l l a x .  I n  p a r t i c u l a r ,  l o c a l  mechanisms to  d e t e c t  t h e  components o f  
s h e a r  and e x p a n s io n  have been  s u g g e s te d  by L o n g u e t-H ig g in s  and P ra zd n y  
(1980)  and by K oender ink  and van Doom  (1 9 7 6 ) .  The d i f f e r e n t  
h o r i z o n t a l  and v e r t i c a l  p a t t e r n s  o f  v e l o c i t i e s  p roduced  i n  t h e  above A
e x p e r im e n ts  would p re d o m in a n t ly  s t i m u l a t e  d i f f e r e n t  ty p e s  o f  t h e s e
m echan ism s. F o r  exam ple, i n  t h e  p h y s i o l o g i c a l  model s u g g e s te d  by 
C lo c k s in  (1980a; 1980b), and i l l u s t r a t e d  i n  C h a p te r  2 ,  t h e  e x i s t e n c e  o f  
two ty p e s  o f  h i g h e r  l e v e l  r e c e p t i v e  f i e l d s  a r e  p o s t u l a t e d .  I n  o ne , t h e  
d i r e c t i o n  p r e f e r e n c e  o f  t h e  component v e l o c i t y  s e n s i t i v e  m echanisms i s  
i n  th e  same d i r e c t i o n  a s  th e  a x i s  o f  th e  r e c e p t i v e  f i e l d ,  and , i n  th e  
o t h e r ,  t h e i r  p r e f e r r e d  d i r e c t i o n  i s  o r th o g o n a l  to  t h e  o r i e n t a t i o n  o f  
t h e  r e c p t i v e  f i e l d .  The fo rm e r  ty p e  of r e c e p t i v e  f i e l d  would 
p r e d o m in a n t ly  be u sed  i n  p i c k in g  up l o c a l  e x p a n s i o n / c o n t r a c t i o n ,  w h i l e  
t h e  l a t t e r  would be used  i n  p i c k i n g  up l o c a l  s h e a r .  A d i f f e r e n c e  i n  
t h e  number o r  e f f e c t i v e n e s  o f  t h e s e  two ty p e s  o f  mechanism would th e n  
a c c o u n t  f o r  t h e  a n i s o t r o p y .  E x p re sse d  i n  more a b s t r a c t  t e r m s ,  t h e  
a n i s o t r o p y  would th e n  r e f l e c t  t h e  g r e a t e r  d i f f i c u l t y  i n  com puting th e  
s p a t i a l  v e l o c i t y  d i f f e r e n t i a l s  i n  a  d i r e c t i o n  p a r a l l e l ,  r a t h e r  th a n  
o r th o g o n a l ,  to  t h e  d i r e c t i o n  o f  t h e  v e l o c i t y .
I t  i s  im p o s s ib le  to  d i s e n t a n g l e  t h e s e  two p o s s i b i l i t i e s  f o r  
s t e r e o s c o p i c  d e p th  which depends on h o r i z o n t a l  d i s p a r i t i e s .  However, 
p a r a l l a x  i n f o r m a t io n  does n o t  have  to  be r e s t r i c t e d  to  h o r i z o n t a l  
r e l a t i v e  m o t io n s .  When an o b s e rv e r  moves v e r t i c a l l y  i n  t h e  
e n v i ro n m e n t ,  o r  when an o b j e c t  moves up and down i n  f r o n t  of  a 
s t a t i o n a r y  o b s e r v e r ,  th e n  v e r t i c a l  r e l a t i v e  m o tio n s  a r e  p roduced  by 
p a r t s  of t h e  env ironm en t a t  d i f f e r e n t  d i s t a n c e s .  F o r  d e p th  s u r f a c e s
jd e f in e d  by v e r t i c a l  p a r a l l a x  m o tio n ,  t h e  two s u g g e s te d  e x p la n a t i o n s  f o r
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Ithe anisotropy lead to different predictions. If the anisotropy is due ^
t o  a d i f f e r e n c e  i n  t h e  number o r  e x t e n t  o f  th e  u n d e r ly in g  
h o r i z o n t a l / v e r t i c a l  s p a t i a l  i n t e r a c t i o n s ,  th e n  th e  same p a t t e r n  of  
a n i s o t r o p y  s h o u ld  be found  f o r  v e r t i c a l  and h o r i z o n t a l  p a r a l l a x  m o tio n .
I t  sh o u ld  a g a in  be more d i f f i c u l t  to  p e r c e iv e  low f r e q u e n c y
.'Îc o r r u g a t i o n s  when th e y  a r e  o r i e n t e d  v e r t i c a l l y ,  th a n  when th e y  a r e  -k
o r i e n t e d  h o r i z o n t a l l y .  On th e  o t h e r  hand , i f  th e  a n i s o t r o p y  i s  due to  
d i f f e r e n c e s  i n  th e  p r o c e s s in g  o f  s h e a r  and e x p a n s io n  t r a n s f o r m a t i o n s ,  
th e n  i t  s h o u ld  show th e  o p p o s i t e  p a t t e r n  when v e r t i c a l  m o tio n  i s  u sed  
t o  s p e c i f y  th e  d e p th  s u r f a c e s .  T h is  i s  b e c a u s e ,  f o r  d e p th  ■ s u r f a c e s  
s p e c i f i e d  by v e r t i c a l  r e l a t i v e  m o tio n ,  a  v e r t i c a l  c o r r u g a t i o n  i s
s p e c i f i e d  by a  s h e a r  t r a n s f o r m a t i o n  w h i le  a h o r i z o n t a l  c o r r u g a t i o n  i s  
s p e c i f i e d  by an e x p a n s io n /c o m p re s s io n .  A low f re q u e n c y  h o r i z o n t a l  ^
c o r r u g a t i o n  s h o u ld ,  t h e r e f o r e ,  be more d i f f i c u l t  to  p e r c e iv e  th a n  a  low 
f re q u e n c y  v e r t i c a l  c o r r u g a t i o n  and t h i s  i s  t h e  o p p o s i t e  p a t t e r n  to  t h a t  
o b se rv e d  when th e  c o r r u g a t i o n s  a r e  s p e c i f i e d  by h o r i z o n t a l  r e l a t i v e  
m o tio n .  P r e l i m i n a r y  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  l a t t e r  p r e d i c t i o n  i s  
c o r r e c t .  I t  was found t h a t  th e  d i r e c t i o n  o f  th e  a n i s o t r o p y  r e v e r s e d
when v e r t i c a l  p a r a l l a x  m o tion  was used  to  s p e c i f y  c o r r u g a te d  d e p th
s u r f a c e s .  T h is  f i n d i n g  s u g g e s t s  t h a t  th e  o b s e rv e d  a n i s o t r o p i e s  f o r  
t h r e s h o l d  m e a s u re s ,  and f o r  t h e  Cornsweet i l l u s i o n ,  a r e  a  r e s u l t  o f  th e
■ Id i f f e r e n t  p a t t e r n s  o f  v e l o c i t y  o r  d i s p a r i t y  change o v e r  s p a c e ,  w hich 
a r e  p r e s e n t  f o r  v e r t i c a l  and h o r i z o n t a l  d e p th  s u r f a c e s .
The p r e s e n c e  o f  l a r g e  s im u l ta n e o u s  c o n t r a s t  e f f e c t s  i n  t h e  d e p th  
domain h as  shown t h a t  s p a t i a l  i n t e r a c t i o n s  a r e  an  im p o r ta n t  f e a t u r e  i n  
t h e  p r o c e s s in g  o f  b o th  m o tion  p a r a l l a x  and s t e r e o s c o p i c  i n f o r m a t i o n .
F u r t h e r  i n v e s t i g a t i o n  o f  one o f  t h e s e  c o n t r a s t  e f f e c t s  l e d  to  t h e  
d i s c o v e r y  o f  a n i s o t r o p i e s  w i t h i n  t h e  p e r c e p t i o n  o f  d e p th  s u r f a c e s .
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1Such a n i s o t r o p i e s  w ere  r e f l e c t e d  i n  b o th  t h r e s h o ld  and s u p r a - t h r e s h o l d  
m ea su res  o f  s e n s i t i v i t y  to  d e p th  m o d u la t io n s .  These a n i s o t r o p i e s  
i n d i c a t e  t h a t  t h e  m echanism s w hich  respond  to  d e p th  change o v e r  sp a c e  %
a r e  l i k e l y  t o  be a s y m m e tr ic .  I t  a l s o  seems l i k e l y  t h a t  t h e  e x t r a c t i o n  
o f  d e p th  change i n  a  d i r e c t i o n  o r th o g o n a l  t o  th e  d i r e c t i o n  o f  m o t io n ,  
o r  d i s p a r i t y ,  s p e c i f y i n g  th e  d e p th ,  i s  e a s i e r  th a n  th e  e x t r a c t i o n  o f  
d e p th  change i n  a  p a r a l l e l  d i r e c t i o n .
The e x p e r im e n ts  r e p o r t e d  so f a r  have p o in te d  to  th e  p o s s i b l e  
n a t u r e  of  t h e  p r o c e s s i n g  mechanisms w i t h i n  t h e  s e p a r a t e  p a r a l l a x  and 
s t e r e o s c o p i c  s y s te m s .  S in c e  t h e r e  seem to  be many s i m i l a r i t i e s  i n  
p r o c e s s i n g  betw een  t h e  two sy s te m s  i t  seemed l i k e l y  t h a t  t h e  two 
sy s te m s  m igh t  i n f l u e n c e  e ach  o t h e r  a t  some s t a g e  o f  p r o c e s s i n g .  The 
f o l l o w i n g  c h a p te r  lo o k s  a t  t h e  ty p e s  of  i n t e r a c t i o n  t h a t  o c c u r  be tw een  %
d e p th  i n f o r m a t io n  from  m o tio n  p a r a l l a x  and t h a t  from  s t e r e o s c o p i c  cues  1
and p r o v id e s  f u r t h e r  e v id e n c e  f o r  th e  u n d e r ly in g  s t r u c t u r e  o f  d e p th
p r o c e s s i n g .
A
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%Chapter 8 Interactions between Motion Parallax and J
S t e r e o s c o p i c  D ep th  P r o c e s s in g
The phenomenal im p r e s s io n  o b ta in e d  on v ie w in g  a d e p th  s u r f a c e  
s p e c i f i e d  by m o tion  p a r a l l a x  i n f o r m a t io n  i s  v e ry  s i m i l a r  t o  t h a t
o b t a i n e d  f o r  a  s t e r e o s c o p i c  s u r f a c e .  I n  a d d i t i o n ,  as  shown by th e
e x p e r im e n t s  r e p o r t e d  i n  t h i s  t h e s i s ,  t h e  two sy s tem s  s h a r e  many
e m p i r i c a l  c h a r a c t e r i s t i c s .  The m otion  p a r a l l a x  and s t e r e o s c o p i c
s y s te m s  have so f a r  been  c o n s id e r e d  a s  s e p a r a t e ,  in d e p e n d e n t  p r o c e s s i n g  
sy s te m s  which e x t r a c t  d e p th  i n f o r m a t io n  from  d i f f e r e n t  s o u r c e s .  T ha t
m o tio n  p a r a l l a x  can  a c t  e f f e c t i v e l y  as  a  s o u rc e  o f  d e p th  i n f o r m a t i o n  'k
1in d e p e n d e n t  of s t e r e o p s i s  and o t h e r  d e p th  c u e s ,  h a s  been  c l e a r l y  g
d e m o n s t ra te d  u s in g  t h e  t e c h n i q u e s  d e s c r i b e d  e a r l i e r .  The f a c t  t h a t  
random d o t  s te r e o g ra m s  can  p o r t r a y  d e p th  s u r f a c e s  d e m o n s t r a te s  t h a t  
b i n o c u l a r  d i s p a r i t y  i s  a l s o  s u f f i c e n t  to  s p e c i f y  d e p th  i n  t h e  a b sen c e  
o f  o t h e r  i n f o r m a t io n .  I n  n a t u r a l  s i t u a t i o n s  a s  w e l l ,  i t  i s  im p o r ta n t  
t h a t  t h e  two sy s tem s  can  a c t  i n d e p e n d e n t ly .  For exam p le ,  when v iew in g  
a t  a  l a r g e  d i s t a n c e  o n ly  p a r a l l a x  i n f o r m a t io n  i s  a v a i l a b l e ,  w h i le
s t e r e o p s i s  i s  p r e s e n t ,  w i th o u t  p a r a l l a x ,  when t h e  o b s e r v e r  i s!
S t a t i o n a r y .  However, i n  m ost ev e ry d a y  s i t u a t i o n s  b o th  s o u r c e s  a r e  . 
r e a d i l y  a v a i l a b l e .  I t  i s  t h e r e f o r e  o f  i n t e r e s t  t o  a sk  w h e th e r  th e  
in d e p e n d e n c e  o f  th e  two p r o c e s s in g  sy s tem s  i s  m a in ta in e d  th ro u g h o u t  th e  
v i s u a l  sy s tem  o r ,  on t h e  o t h e r  h a n d ,  w h e th e r  t h e r e  a r e  i n t e r a c t i o n s
be tw een  th e  two d e p th  p r o c e s s in g  sy s tem s  a t  some l e v e l ,  w hich  a l lo w
d e p th  i n f o r m a t io n  from  th e  two s o u rc e s  to  be com bined . I t  had 
p r e v i o u s l y  been d i f f i c u l t  t o  lo o k  a t  th e  i n t e r a c t i o n s  be tw een  th e  two 
d e p th  sy s tem s  i n  a  way which a l lo w e d  b o th  s o u rc e s  o f  d e p th  i n f o r m a t io n  
t o  be in d e p e n d e n t ly  m a n ip u la t e d .  The p r e s e n t  c h a p t e r  d e s c r i b e s  some 
e x p e r im e n t s  which used  a  m o d if ie d  v e r s i o n  o f  th e  e a r l i e r  e x p e r i m e n t a l
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a rran g em en t  to  i n v e s t i g a t e  such  i n t e r a c t i o n s .
8 .1  Method.
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To a l lo w  b o th  s t e r e o s c o p i c  and p a r a l l a x  i n f o r m a t io n  t o  be 
p ro v id e d  i n  t h e  same e x p e r im e n ta l  s i t u a t i o n ,  a  m o d if ie d  e x p e r im e n ta l  
d i s p l a y  was d e s ig n e d ,  a s  shown i n  F ig u re  8 .1 .  I t  c o n s i s t e d  o f  a 
s t e r e o s c o p i c  v ie w in g  a p p a r a tu s  w here random d o t  p a t t e r n s  on two 
o s c i l l o s c o p e  s c r e e n s  were v iew ed in d e p e n d e n t ly  by th e  two e y e s ,  by 
means of m i r r o r s .  The two o s c i l l o s c o p e s  were mounted on a p l a t f o r m  
w hich was su sp en d ed  from a h e i g h t  o f  seven  f e e t  and which c o u ld  swing 
from  s id e  to  s i d e  a c r o s s  th e  o b s e r v e r ' s  l i n e  o f  s i g h t .  The m i r r o r  
a r ra n g e m e n t  a l lo w e d  th e  o s c i l l o s c o p e  s c re e n s  to  be v i s i b l e  th ro u g h o u t  
t h e  e x t e n t  of  t h e i r  l a t e r a l  movement. When th e  p l a t f o r m  was s e t  i n  
m o tio n  and th e  o b s e r v e r  lo o k ed  th ro u g h  th e  m i r r o r s ,  th e  two p a t t e r n s  on 
t h e  s c r e e n s  were f u s e d  and s e e n  a s  a  s i n g l e  p a t t e r n  which moved from  Sj
s i d e  to  s i d e .  E i t h e r  o f  th e  two random do t  p a t t e r n s  co u ld  be b la n k e d  [ #
o u t  to  p r o v id e  m onocu la r  r a t h e r  th a n  b i n o c u l a r  i n f o r m a t i o n .  The III
suspended  p l a t f o r m  was c o n s t r a i n e d  t o  move th ro u g h  15 cms. and th e  | |
m o tio n  o f  t h e  p l a t f o r m  was m o n i to re d  by a p h o t o c e l l .  The p h o t o c e l l  ig
s i g n a l  t r i g g e r e d  a  f u n c t i o n  g e n e r a t o r  which p ro v id e d  a  s i n u s o i d a l  %
s i g n a l  which fo l lo w e d  th e  p o s i t i o n  o f  th e  scope and o s c i l l a t e d  w i t h  a | |
t e m p o ra l  f r e q u e n c y  o f  a b o u t  0 .3  Hz. ITo p ro d u ce  s t e r e o s c o p i c  d e p th  i n f o r m a t io n ,  a  d i s p a r i t y  s i g n a l ,  |
p roduced  u s in g  th e  W avetek a r b i t r a r y  waveform g e n e r a t o r ,  was added  to  a
' i^
one o f  t h e  two s c o p e s  w h i le  an i d e n t i c a l  s i g n a l  w i th  i n v e r t e d  a m p l i tu d e  
was added to  th e  o t h e r .  T h is  c r e a t e d  h o r i z o n t a l  d i s p a r i t i e s  be tw een
Î
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F ig u r e  8 .1 .
The m o d i f ie d  e x p e r im e n ta l  d i s p l a y :  S t e r e o s c o p ic  i n f o r m a t io n  was p ro v id e d  
by  d i s p a r i t i e s  be tw een  th e  random d o t  p a t t e r n s  on t h e  two o s c i l l o s c o p e s  
w hich  w ere  view ed i n d e p e n d e n t ly  th ro u g h  a f i x e d  m i r r o r  a r ra n g e m e n t .  To 
p r o v id e  p a r a l l a x  i n f o r m a t io n  p a t t e r n s  o f  r e l a t i v e  m o tio n  were i n t r o d u c e d  
i n t o  e i t h e r  o r  b o th  o f  t h e  p a t t e r n s  and th e  e x t e n t  o f  r e l a t i v e  movement 
was l i n k e d  to  t h e  movement o f  t h e  sc o p e s  w hich  swung from  s i d e  t o  s i d e  
a c r o s s  t h e  o b s e r v e r s  l i n e  o f  s i g h t .
t h e  random d o t  p a t t e r n s  on th e  two s c o p e s  so t h a t  when th e y  were fu se d  
a  d e p th  s u r f a c e  was p e r c e i v e d ,  t h e  shape  o f  which was d e te rm in e d  by th e  
waveform of t h e  d i s p a r i t y  s i g n a l .
To p ro d u ce  p a r a l l a x  d e p th  i n f o r m a t i o n ,  th e  s i g n a l  t r i g g e r e d  by 
t h e  p h o t o c e l l  was used  to  a m p l i tu d e  m odula te  t h e  s i g n a l  from th e  
a r b i t r a r y  waveform g e n e r a t o r .  The a m p l i tu d e  m odula ted  s i g n a l  co u ld  be 
added to  e i t h e r  o r  b o th  o f  th e  p a t t e r n s  to  p ro v id e  p a r a l l a x  i n f o r m a t io n  
t o  e i t h e r  o r  b o th  e y e s .  The p a r a l l a x  s i g n a l  r e s u l t e d  i n  a  c o n t in u o u s  
p a t t e r n  of r e l a t i v e  m o tio n  be tw een  d i f f e r e n t  p a r t s  o f  t h e  random d o t  
p a t t e r n  as  t h e  p l a t f o r m  moved from  s i d e  to  s i d e .  The r e l a t i v e  m o tion  
s im u la te d  th e  p a r a l l a x  i n f o r m a t io n  p ro v id e d  by a  t h r e e - d i m e n s i o n a l  
d e p th  s u r f a c e ,  where th e  shape  o f  th e  s u r f a c e  was d e te rm in e d  by th e  
waveform of t h e  p a r a l l a x  s i g n a l  from  th e  g e n e r a t o r .  When th e  o b s e r v e r  
lo o k ed  th ro u g h  th e  m i r r o r s ,  a  s i n g l e ,  s o l i d ,  t h r e e - d i m e n s i o n a l  s u r f a c e  
was seen  to  move to  an f r o  a c r o s s  t h e  l i n e  o f  s i g h t ,  and th e  r e l a t i v e  
m o tio n  w i t h i n  th e  s u r f a c e  was n o t  p e r c e iv e d .  S ince  t h e  o b s e r v e r  
rem ained  s t a t i o n a r y  w h i le  v ie w in g  t h e  d e p th  s u r f a c e ,  a  p a s s i v e  p a r a l l a x  
s i t u a t i o n  was s im u la t e d  ( s e e  page 5 4 ) .
By a d d in g  th e  d i s p a r i t y  and p a r a l l a x  d i s t o r t i o n  s i g n a l s  to  
p ro d u ce  a  c o m p o s i te  d i s t o r t i o n  s i g n a l ,  b o th  p a r a l l a x  and s t e r e o s c o p i c  
i n f o r m a t io n  c o u ld  be p ro v id e d  a t  t h e  same t im e .  However, i n  most o f  
t h e  e x p e r im e n ts  d e s c r i b e d  h e r e ,  t h e  two s o u rc e s  o f  d e p th  i n f o r m a t io n  
w ere  used s e p a r a t e l y .
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8 .2  P r e l i m i n a r y  O b s e r v a t i o n s .
I
i )  B in o c u la r  P a r a l l a x  w i t h o u t  S t e r e o p s i s I
The m o d if ie d  e x p e r i m e n t a l  a rran g em en t  a l lo w e d  m onocu lar  p a r a l l a x  ^
d e p th  i n f o r m a t io n  to  be p r e s e n t e d  to  e i t h e r  eye a lo n e  i n  t h e  u s u a l  way. iJ
F o r  exam ple ,  when a  s i n u s o i d a l  p a r a l l a x  s i g n a l  was added to  one o f  th e  
p a t t e r n s ,  w h i l e  t h e  o t h e r  s c r e e n  was made b l a n k ,  a  c o r r u g a te d  d e p th  
s u r f a c e  was p e r c e iv e d  a s  t h e  p l a t f o r m  moved from s i d e  to  s i d e .  I n  t h e  |
new a r r a n g e m e n t ,  how ever ,  i t  was a l s o  p o s s i b l e  to  p r e s e n t  p a r a l l a x  i
I n f o r m a t io n  to  b o th  ey e s  s i m u l t a n e o u s l y ,  by a d d in g  th e  same d i s t o r t i o n  |
s i g n a l  t o  t h e  two random d o t  p a t t e r n s ,  which were viewed in d e p e n d e n t ly  ^/ ‘I
by th e  two e y e s .  I n  t h i s  s i t u a t i o n ,  when th e  two random d o t  p a t t e r n s  J
a r e  i d e n t i c a l ,  s t e r e o s c o p i c  i n f o r m a t i o n  i s  a v a i l a b l e  i n  a d d i t i o n  to  t h e  !!
m o n o cu la r  p a r a l l a x  i n f o r m a t io n  s p e c i f y i n g  a  c o r r u g a t e d  d e p th  s u r f a c e .
When t h e  d i s p a r i t y  be tw een  th e  two p a t t e r n s  i s  z e r o ,  th e  s t e r e o s c o p i c  «
i n f o r m a t i o n  s p e c i f i e s  a  f l a t  d e p th  s u r f a c e .  O b s e rv e r s  r e p o r t e d  t h a t ,  |
when p a r a l l a x  i n f o r m a t io n  was p r e s e n t e d  b i n o c u l a r l y  w i th  z e ro  b i n o c u l a r  -I
d i s p a r i t y ,  t h e  s t im u lu s  d id  a p p e a r  a s  a  c o n ju g a te d  d e p th  s u r f a c e  moving ^
from  s i d e  to  s i d e ,  b u t  some m o tio n  was a l s o  p e r c e iv e d  w i t h i n  th e  d e p th  q
s u r f a c e .  T h is  m o tio n  was d e s c r i b e d  as a  s h e a r in g  be tw een  d i f f e r e n t  |
p a r t s  o f  t h e  p a t t e r n  o r  a  t w i s t i n g  o f  th e  s u r f a c e  a b o u t  an a x i s  th ro u g h  
t h e  s u r f a c e .  ' A
A l t e r n a t i v e l y ,  ^  more i n t e r e s t i n g  s i t u a t i o n  a r i s e s  when a 
d i f f e r e n t  random d o t  p a t t e r n  i s  p r e s e n t e d  to  each  e y e .  I n  t h i s  c a s e ,  
s t e r e o s c o p i c  i n f o r m a t io n  i s  no lo n g e r  a v a i l a b l e  b e c a u se  th e  two 
p a t t e r n s  a r e  r i v a l r o u s .  R e l a t i v e  m otion  c a n ,  how ever, s t i l l  be
• '4i n t r o d u c e d  to  each  p a t t e r n  s e p a r a t e l y ,  th u s  p r o v id in g  p a r a l l a x  |
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" -s :
i l )  S t e r e o p s i s  w i t h o u t  p a r a l l a x
i n f o r m a t io n  to  each  eye  w hich  s p e c i f i e s  a  d e p th  c o r r u g a t i o n .  I t  was 
found  t h a t ,  i n  t h i s  c o n d i t i o n ,  a  s o l i d  c o r r u g a te d  d e p th  s u r f a c e  was i
e a s i l y  p e r c e iv e d  d e s p i t e  t h e  s u r f a c e  t e x t u r e  h a v in g  a sh im m ering  !" 7
a p p e a ra n c e  due to  t h e  b i n o c u l a r  r i v a l r y .  The p e r c e iv e d  d e p th  o f  th e  |
.'Is u r f a c e  a p p e a re d  to  be s i m i l a r  to  t h a t  o b ta in e d  i n  t h e  norm al s i t u a t i o n  
o f  m onocu la r  p a r a l l a x .  I t  was t h e r e f o r e  p o s s i b l e  to  p roduce  a  d e p th
• a'
s u r f a c e  w hich was s p e c i f i e d  b i n o c u l a r l y ,  i n  t h e  a b sen c e  o f  any
3s t e r e o s c o p i c  i n f o r m a t io n  from b i n o c u l a r  d i s p a r i t y .  :|
i
When s i n u s o i d a l  h o r i z o n t a l  d i s p a r i t i e s  a r e  i n t r o d u c e d  be tw een  
th e  two random d o t  p a t t e r n s  i n  t h e  p r e s e n t  d i s p l a y ,  a  c o r r u g a t e d  l|
s t e r e o s c o p i c  s u r f a c e  i s  p e r c e iv e d  when th e  two p a t t e r n s  a r e  f u s e d .  I n  
t h e  e v e ry d a y  e n v i ro n m e n t ,  t h e  s t e r e o s c o p i c  i n f o r m a t io n  from  t h r e e -  
d im e n s io n a l  s u r f a c e s  i s  accom panied  by p a r a l l a x  i n f o r m a t io n  when th e  
s u r f a c e  moves r e l a t i v e  t o  t h e  o b s e r v e r .  T h e r e f o r e ,  i f  t h e  two sc o p es  
a r e  moved from s id e  to  s i d e  a c r o s s  th e  o b s e rv e r s  l i n e  o f  s i g h t ,  and no 
p a r a l l a x  d i s t o r t i o n  s i g n a l  i s  added to  e i t h e r  p a t t e r n ,  th e n  
s t e r e o s c o p i c  d e p th  i n f o r m a t i o n  i s  a v a i l a b l e  i n  a  s i t u a t i o n  w here i t  
would n o rm a l ly  be accom panied  by m o tio n  p a r a l l a x .  O b s e rv e r s  were a sked  
t o  d e s c r i b e  th e  a p p e a ra n c e  o f  t h e  d i s p l a y  when th e  s t e r e o  i n f o r m a t io n  
s p e c i f i e d  a  c o r r u g a te d  d e p th  s u r f a c e ,  b u t  t h e r e  was no r e l a t i v e  m o tion  
w i t h i n  t h e  p a t t e r n  as  t h e  s c o p e s  moved from s i d e  to  s i d e .  They 
r e p o r t e d  t h a t  a s o l i d  c o r r u g a t e d  d e p th  s u r f a c e  was p e r c e iv e d  moving 
a c r o s s  t h e  l i n e  o f  s i g h t ,  b u t  t h a t  t h i s  s u r f a c e  a p p e a re d  t o  f o l l o w  a 
concave  p a th  a round  t h e  o b s e r v e r  r a t h e r  th a n  a  l i n e a r  l a t e r a l  p a th  
a c r o s s  t h e  l i n e  o f  s i g h t .  The s u r f a c e  appeared  to  f o l l o w  a  p a th  such  
t h a t  i t  a lw ays  a p p e a re d  t o  be f a c i n g  th e  o b s e r v e r .
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An a n a lo g o u s  phenomena can  be o b se rv e d  when v iew in g  a random d o t  
s te r e o g ra m  w h i le  moving th e  head  l a t e r a l l y  ( J u l e s z ,  1 9 7 1 ) .  H e re ,  t h e  
s t e r e o s c o p i c  form a p p e a r s  to  t u r n  and f o l lo w  th e  movement o f  t h e  
o b s e r v e r .  I n  b o th  t h e s e  c a s e s ,  t h e  a b sen c e  o f  a p p r o p r i a t e  p a r a l l a x  ;||
i n f o r m a t io n  r e s u l t s  i n  t h e  p e r c e iv e d  movement o f  t h e  s t e r e o s c o p i c  
f i g u r e .  The phenomenal i m p r e s s io n  o b t a i n e d ,  i n  f a c t  r e p r e s e n t s  t h e  
p h y s i c a l  s i t u a t i o n  w hich  t h e  a v a i l a b l e  i n f o r m a t io n  most c l o s e l y
a p p ro x im a te s .  The o n ly  s i t u a t i o n  i n  a  n a t u r a l  t h r e e - d i m e n s i o n a l  |
i
e n v iro n m en t  where s t e r e o s c o p i c  i n f o r m a t io n  i s  a v a i l a b l e  a b o u t  t h e  
s t r u c t u r e  o f  a  moving o b j e c t  o r  s u r f a c e ,  b u t  where t h e r e  i s  no r e l a t i v e
m o tion  betw een  n e a r e r  and f a r t h e r  p a r t s  o f  th e  s u r f a c e ,  i s  one w here  #
th e  d ep th  s u r f a c e  moves i n  a  c i r c u l a r  p a th  a round th e  o b s e r v e r .  The #
p e r c e iv e d  s i t u a t i o n ,  t h e r e f o r e ,  i s  i n  a c c o rd a n c e  w i th  th e  a p p r o p r i a t e  
p h y s i c a l  s i t u a t i o n .  I
The c u r r e n t  s t i m u lu s  d i s p l a y  a l lo w e d  s t e r e o  and p a r a l l a x
i n f o r m a t io n  to  be p ro v id e d  t o g e t h e r .  I t  was t h e r e f o r e  p o s s i b l e  to  lo o k  
a t  what was p e r c e iv e d  when th e  a p p r o p r i a t e  p a r a l l a x  i n f o r m a t io n  was
g r a d u a l l y  i n t r o d u c e d  a s  t h e  s t e r e o  d e p th  s u r f a c e  moved from  s i d e  to
s i d e .  I t  was found t h a t ,  a s  t h e  a p p r o p r i a t e  p a r a l l a x  i n f o r m a t io n  was
a d d ed ,  t h e  p e r c e iv e d  p a th  o f  t h e  c o r r u g a t e d  d e p th  s u r f a c e  g r a d u a l l y  
c h anged . When t h e r e  was no p a r a l l a x  i n f o r m a t io n  th e  s u r f a c e  a p p e a re d  
t o  move around  th e  o b s e r v e r .  As t h e  a m p l i tu d e  o f  t h e  p a r a l l a x  s i g n a l  
i n c r e a s e d ,  t h e  p a th  became l e s s  concave  u n t i l ,  when b o th  th e  p a r a l l a x
and s t e r e o  s i g n a l s  s p e c i f i e d  a  d e p th  s u r f a c e  o f  th e  same a m p l i t u d e ,  t h e
c o r r u g a t i o n  a p p e a re d  to  move a lo n g  a  l i n e a r  l a t e r a l  p a th ,  o r th o g o n a l  to
t h e  l i n e  of  s i g h t .  T h a t  i s ,  t h e  p a th  o f  th e  s u r f a c e  was p e r c e iv e d
v e r i d i c a l l y .  I n  t h i s  s i t u a t i o n ,  t h e n ,  t h e  p a r a l l a x  i n f o r m a t io n  does  
n o t  seem to  p ro v id e  a d d i t i o n a l  d e p th  i n f o r m a t io n  i n  i t s e l f ,  b u t
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s t e r e o s c o p i c  and p a r a l l a x  i n f o r m a t io n  do i n t e r a c t  to  d e te rm in e  th e  
p e r c e iv e d  p a th  o f  th e  d e p th  s u r f a c e .
i l l )  P a r a l l a x  and s t e r e o p s i s  i n  c o n f l i c t
The p r e v io u s  o b s e r v a t i o n  i n d i c a t e d  t h a t  p a r a l l a x  and s t e r e o  
i n f o r m a t io n  c o u ld  i n t e r a c t  a t  some l e v e l .  I t  was t h e r e f o r e  i n t e r e s t i n g  
to  lo o k  a t  what was p e r c e iv e d  when th e  two s o u rc e s  p ro v id e d  in f o r m a t io n  
s p e c i f y i n g  d i f f e r e n t  d e p th  s u r f a c e s ,  t h a t  i s ,  t h e  two s o u rc e s  
c o n f l i c t e d .  I t  m igh t  be assumed t h a t  d ep th  i n f o r m a t io n  from th e  two 
s o u r c e s  co u ld  add i n  some q u a n t i t a t i v e  way so t h a t ,  f o r  exam ple, when a 
c o r r u g a te d  s u r f a c e  i n  one p h ase  was s p e c i f i e d  by b i n o c u l a r  d i s p a r i t y  
b u t  a c o r r u g a te d  s u r f a c e  of t h e  o p p o s i t e  phase  was s p e c i f i e d  by m o tion  
p a r a l l a x ,  th e n  th e  d e p th  i n f o r m a t io n  from th e  two s o u rc e s  would c a n c e l  
o u t  and no d e p th  would be p e r c e iv e d .  When such a s i t u a t i o n  was 
p r e s e n t e d  to  o b s e r v e r s  i t  was found t h a t  no such  q u a n t i t a t i v e  
c a n c e l l a t i o n  o f  t h i s  k in d  o c c u r r e d .  I n s t e a d ,  a  c o r r u g a te d  d e p th  
s u r f a c e  was p e r c e iv e d  and th e  phase  of th e  p e rc e iv e d  c o r r u g a t i o n  was 
t h a t  s p e c i f i e d  by th e  b i n o c u l a r  d i s p a r i t i e s .  That i s  t h e  p e r c e iv e d  
d e p th  was d e te rm in e d  by th e  s t e r e o s c o p i c  i n f o r m a t io n .  However, as  
o b s e r v e r s  viewed th e  c o r r u g a t i o n  th e y  r e p o r t e d  t h a t  i t  a p p e a re d  to  
I r o t a t e  a b o u t  a v e r t i c a l  a x i s  i n  t h e  c e n t r e  of th e  s u r f a c e ,  as  w e l l  as 
moving from s id e  to  s i d e .  T h e r e f o r e ,  th e  c o n f l i c t i n g  p a r a l l a x  
i n f o r m a t io n  d id  n o t  a l t e r  t h e  d e p th  p e rc e p t  g iv e n  s t e r e o s c o p i c a l l y  b u t  
w as, i n  some s e n s e ,  i n t e r p r e t e d  i n  th e  l i g h t  of t h i s  d e p th  s t r u c t u r e  to  
p ro d u ce  th e  p e r c e p t i o n  o f  a r o t a t i n g  th r e e - d i m e n s i o n a l  o b j e c t .  To 
sum m arise ,  when s t e r e o s c o p i c  i n f o r m a t io n  i s  pu t  i n t o  c o n f l i c t  w i th  
m o tion  p a r a l l a x ,  th e  p e r c e iv e d  d e p th  s t r u c t u r e  i s  t h a t  s p e c i f i e d  by 




T h is  o b s e r v a t i o n ,  t h a t  p a r a l l a x  m otion  does n o t  a l t e r  t h e  
p e r c e iv e d  d e p th  o f  a  s t e r e o s c o p i c a l l y  d e f in e d  s u r f a c e  b u t  does  s p e c i f y  
t h e  m otion  p a th  o f  t h e  d e p th  s u r f a c e ,  sheds some l i g h t  on some of  t h e
e a r l i e r  s t u d i e s  o f  m o tio n  p a r a l l a x  where i n f o r m a t io n  from r e l a t i v e  |
•^1m otion  was c o n t r a d i c t e d  by in f o r m a t io n  from o t h e r  d e p th  s o u r c e s .  I n  |
c a s e s  where i s o l a t e d  p o i n t s  were used  to  p ro v id e  p a r a l l a x  i n f o r m a t io n ,  
i t  was o f t e n  i n e f f e c t i v e  i n  c o r r e c t i n g  th e  n o n - v e r i d i c a l  i n f o r m a t io n  
p ro v id e d  by o t h e r  c u e s .  I f  an o b j e c t  i s  m is p e rc e iv e d  a t  a  c e r t a i n  
d i s t a n c e  th e n  t h e  a d d i t i o n  o f  p a r a l l a x  in f o r m a t io n  r e s u l t s  i n  th e  
o b j e c t  a p p e a r in g  to  move w i th  m o tio n  o f  th e  o b s e r v e r  (Gogel and T i e t z ,
1 9 7 3 ) .  I n  a  s e r i e s  o f  e x p e r im e n t s ,  Gogel has  i n  f a c t  u sed  t h e  e x t e n t  ^
o f  o b j e c t  m o tio n  c o n c o m i ta n t  w i th  head  m otion  to  m easure  t h e  p e r c e iv e d  ÿ
d i s t a n c e  o f  o b j e c t s  u n d e r  d i f f e r e n t  c o n d i t i o n s  (G ogel and Newton, 1976;
Gogel and T i e t z ,  1977; G o g e l ,  1979a; 1979b).
I n  summary, from  t h e s e  i n i t i a l  o b s e r v a t io n s  i t  seems t h a t  t h e r e  
i s  no q u a n t i t a t i v e  I n t e r a c t i o n  betw een d e p th  i n f o r m a t io n  from  
s t e r e o p s i s  and t h a t  from  m o tio n  p a r a l l a x ,  a l th o u g h  t h e  two s o u rc e s  do 
i n t e r a c t  i n  d e te r m in in g  th e  f i n a l  p e r c e p t .  F u r t h e r  e x p e r im e n ts  have 
shown, how ever, t h a t  b o th  q u a l i t a t i v e  and q u a n t i t a t i v e  i n t e r a c t i o n s  can 
o c c u r  be tw een  t h e  s t e r e o  and p a r a l l a x  sys tem s  u n d e r  c e r t a i n  
c i r c u m s ta n c e s ,  so t h a t  i n f o r m a t io n  from th e  two s o u rc e s  com bines to  
d e te rm in e  t h e  p e r c e iv e d  d e p th  of  t h r e e - d i m e n s i o n a l  s u r f a c e s .  These -y
e x p e r im e n ts  have  lo o k e d  a t  a f t e r e f f e c t s  of d e p th  f o l l o w in g  p ro lo n g e d  
v iew in g  o f  d e p th  s u r f a c e s  s p e c i f i e d  by p a r a l l a x  o r  s t e r e o s c o p i c  
i n f o r m a t io n .
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8.3 Blassing the perception of ambiguous depth surfaces.
•
A nothe r  method o f  l o o k in g  a t  p o s s i b l e  i n t e r a c t i o n s  betw een  th e  
m o tio n  p a r a l l a x  and s t e r e o s c o p i c  sy s tem s  a ro s e  o u t  o f  th e  e x p e r im e n ts  
on d e p th  a f t e r e f f e c t s  w hich  were d e s c r ib e d  i n  c h a p te r  4 .  I n  t h e s e  
e x p e r im e n t s  i t  was shown t h a t  p r i o r  i n s p e c t i o n  o f  a  d e p th  s u r f a c e  
s p e c i f i e d  by e i t h e r  p a r a l l a x  o r  s t e r e o p s i s  s t r o n g l y  a f f e c t e d  th e  
s u b s e q u e n t  p e r c e p t i o n  o f  s u r f a c e s  s p e c i f i e d  by th e  same d e p th  c u e .  I t  
seemed p o s s i b l e  t h a t ,  i n  a d d i t i o n  to  t h i s  n e g a t i v e  a f t e r e f f e c t ,  
a d a p t a t i o n  to  p a r a l l a x  o r  s t e r e o s c o p i c  d e p th  m ight a l s o  i n f l u e n c e  th e  
s u b s e q u e n t  p e r c e p t i o n  o f  d e p th  s u r f a c e s  s p e c i f i e d  by th e  o t h e r  d e p th  
c u e .  A s i m i l a r  a p p ro a c h  was u sed  by H a r r i s  (1980) t o  lo o k  a t  p o s s i b l e  
i n t e r a c t i o n s  be tw een  th e  d e p th  cues  of l i n e a r  p e r s p e c t i v e  and 
s t e r e o p s i s .
1
Some i n i t i a l  o b s e r v a t i o n s  s u g g e s te d  t h a t  t h i s  ty p e  o f  
i n t e r a c t i o n  was a p o s s i b i l i t y .  F i r s t l y ,  i t  was found t h a t  a f t e r  
v ie w in g  a c o r r u g a te d  d e p th  s u r f a c e  s p e c i f i e d  s t e r e o s c o p i c a l l y ,  a  f l a t  
t e s t  s u r f a c e ,  w hich was p r e s e n t e d  m o n o c u la r ly ,  a p p e a re d  to  be 
c o r r u g a t e d  w i th  t h e  o p p o s i t e  p h a s e .  That i s ,  p ro lo n g e d  v ie w in g  o f  
s t e r e o s c o p i c  d e p th  gave r i s e  t o  a  m onocu lar  n e g a t i v e  a f t e r e f f e c t ,  as  
w e l l  as  to  a  t r a d i t i o n a l  b i n o c u l a r  a f t e r e f f e c t .  T h is  o b s e r v a t i o n  had 
n o t  been  p r e v i o u s l y  r e p o r t e d  i n  t h e  l i t e r a t u r e  on s t e r e o  a f t e r e f f e c t s ,  
b u t  i t  was e a s i l y  o b se rv e d  w i th  t h e  m o d if ie d  e x p e r im e n ta l  d i s p l a y  when 
t h e  random do t  p a t t e r n  to  one eye  was b lan k ed  ou t  f o l l o w in g  i n s p e c t i o n  
o f  a  s t e r e o s c o p i c  s u r f a c e .  I t  seemed l i k e l y  t h a t  t h e  p r e s e n c e  o f  t h i s  
m onocu la r  s t e r e o  a f t e r e f f e c t  would a f f e c t  th e  p e r c e p t i o n  o f  p a r a l l a x
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depth surfaces presented subsequent to stereoscopic adaptation. t:
: 1
S e c o n d ly ,  and c o n v e r s e l y ,  i t  was a l s o  o b s e rv e d  t h a t  a f t e r
a d a p t a t i o n  to  a  p a r a l l a x  d e p th  s u r f a c e  which was p r e s e n t e d  m o n o c u la r ly ,  
a  n e g a t i v e  d e p th  a f t e r e f f e c t  was o b se rv e d  when a f l a t  t e s t  s u r f a c e  was 
p r e s e n t e d  to  t h e  u n a d a p te d  e y e .  T hat i s ,  t h e r e  was t r a n s f e r  o f  ||
a d a p t a t i o n  be tw een  t h e  two e y e s .  I n  a d d i t i o n ,  a  s m a l l  a f t e r e f f e c t  
f o l l o w i n g  m onocu la r  v iew in g  o f  a  p a r a l l a x  s u r f a c e ,  was a l s o  o b se rv e d  
when a f l a t  z e ro  d i s p a r i t y  t e s t  s u r f a c e  was p r e s e n t e d .  T h e r e f o r e ,  
p r i o r  i n s p e c t i o n  o f  a  p a r a l l a x  s u r f a c e  gave r i s e  t o  a  b i n o c u l a r  d e p th  
a f t e r e f f e c t .  T h is  s u g g e s t e d  t h a t  a d a p t a t i o n  t o  p a r a l l a x  d e p th  m ight I
i n f l u e n c e  t h e  p e r c e p t i o n  of s u b s e q u e n t ly  viewed s t e r e o s c o p i c  s u r f a c e s .
I n  o r d e r  to  examine t h e s e  p o s s i b l e  i n t e r a c t i o n s  i n  more d e t a i l ,  two 
e x p e r im e n t s  were c a r r i e d  o u t .  These  looked  a t  w h e th e r  i t  was p o s s i b l e  
t o  b i a s  t h e  p e r c e p t i o n  o f  an  ambiguous d e p th  s u r f a c e ,  which had two 
a l t e r n a t e  d e p th  i n t e r p r e t a t i o n s ,  by p r i o r  i n s p e c t i o n  o f  an unambiguous 
d e p th  s u r f a c e  s p e c i f i e d  by th e  o t h e r  d e p th  cu e .
i )  B i a s s i n g  of  am biguous p a r a l l a x  d e p th
I n  t h e  f i r s t  e x p e r im e n t  o b s e r v e r s  i n s p e c t e d  a  s t e r e o s c o p i c  d e p th  
s u r f a c e ,  which was s i n u s o i d a l l y  c o r r u g a te d  i n  d e p th ,  f o r  s e v e r a l
I-s e c o n d s .  A f t e r  t h i s  i n s p e c t i o n  p e r i o d ,  an am biguous p a r a l l a x  t e s t  ^
s u r f a c e  w a s . b r i e f l y  p r e s e n t e d .  The ambiguous t e s t  s u r f a c e  had two 
p o s s i b l e  d e p th  i n t e r p r e t a t i o n s  and co u ld  be p e r c e iv e d  as  a  c o r r u g a te d  
d e p th  s u r f a c e  i n  e i t h e r  o f  two o p p o s i t e  p h a s e s .  I t  was assumed t h a t ,  
i f  p r i o r  s t e r e o s c o p i c  a d a p t a t i o n  d id  a f f e c t  th e  p e r c e p t i o n  o f  p a r a l l a x  |
s u r f a c e s ,  th e n  th e  p e r c e p t i o n  o f  t h e  ambiguous d e p th  s u r f a c e  would be 




Using the apparatus shown in Figure 8.1 the stereoscopic #
a d a p t i n g  c o r r u g a t i o n  was p ro d u ce d  by i n t r o d u c in g  h o r i z o n t a l  d i s p a r i t i e s  13
be tw een  th e  two random d o t  p a t t e r n s  on th e  d i s p l a y  o s c i l l o s c o p e s .  The II
c o r r u g a t e d  a d a p t in g  s u r f a c e  had a  s p a t i a l  f re q u e n c y  o f  0 .2  c y c l e s  p e r  
d e g re e  and a peak to  t ro u g h  d i s p a r i t y  o f  10 min a r c .
The ambiguous p a r a l l a x  t e s t  s u r f a c e  was p roduced  by i n t r o d u c i n g  
a p a t t e r n  o f  r e l a t i v e  v e l o c i t i e s  i n t o  one o f  th e  random d o t  p a t t e r n s .
The o t h e r  p a t t e r n  was b la n k e d  o u t  f o r  th e  d u r a t i o n  o f  t h e  t e s t  p e r i o d .
The p a t t e r n  of r e l a t i v e  v e l o c i t i e s  was produced  by d i s p l a c i n g  e ach  of 
t h e  rows o f  th e  p a t t e r n  by an  amount w hich changed s i n u s o i d a l l y  from  
t h e  to p  to  t h e  bo ttom  of t h e  p a t t e r n .  T h is  i s  i l l u s t r a t e d  i n  F ig u r e  
8 .2 a  where t h e  a rro w s  i n d i c a t e  th e  amount of d i s p la c e m e n t  of  each  row 
d u r in g  t h e  t e s t  p e r i o d  and hen ce  r e p r e s e n t  th e  r e l a t i v e  v e l o c i t y  o f  
e ach  row. The d u r a t i o n  o f  t h e  t e s t  p e r io d  was 2 s e c s  d u r in g  w hich  t im e  
th e  d o t s  moved i n  one d i r e c t i o n .  Both  th e  o b s e rv e r  and t h e  sw in g in g  
p l a t f o r m  on which t h e  sc o p e s  were mounted rem a ined  s t a t i o n a r y
th ro u g h o u t  t h i s  e x p e r im e n t .  S in c e  t h e  p a t t e r n  of r e l a t i v e  m o tio n  w hich 
o c c u r r e d  d u r in g  th e  t e s t  p e r i o d  was n o t  accom panied by any movement of  
t h e  o b s e r v e r ,  o r  of t h e  o s c i l l o s c o p e s ,  th e  p e r c e iv e d  d e p th  was 
am biguous . When o b s e r v e r s  v iew ed  t h e  t e s t  s t im u lu s  w i t h o u t  any p r i o r  
a d a p t a t i o n ,  a* c o r r u g a te d  d e p th  s u r f a c e  was p e r c e iv e d  and th e  s u r f a c e  
a p p e a re d  to  r o t a t e  th ro u g h  a  few d e g re e s  abou t a  v e r t i c a l  a x i s  th ro u g h  
t h e  c e n t r e  of  th e  s u r f a c e .  T h is  o b s e r v a t i o n  was d e s c r i b e d  i n  c h a p t e r  3 
(page  6 2 ) .  The d e p th  s u r f a c e  was ambiguous i n  t h a t  i t  c o u ld  e i t h e r  be 
s e e n  as  a  c o r r u g a te d  s u r f a c e  i n  one phase which r o t a t e d  i n  one
d i r e c t i o n  th ro u g h  a  few d e g re e s  ( F ig u r e  8 .2 b ) ,  o r  a s  a  c o r r u g a t e d
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F ig u r e  8 . 2 .
An ambiguous p a r a l l a x  d e p th  s u r f a c e  was produced  by i n t r o d u c in g  th e  p a t t e r n  
o f  v e l o c i t i e s  shown in  ( a )  i n t o  th e  random do t  p a t t e r n . B o t h  th e  o b s e r v e r  and 
t h e  scope  rem a in ed  s t a t i o n a r y  as  each  row o f  th e  p a t t e r n  was d i s p l a c e d  
b r i e f l y  a s  shown. The p a t t e r n  was p e r c e iv e d  e i t h e r  a s  a c o r r u g a te d  s u r f a c e  i i  
one phase  r o t a t i n g  a n t i c lo c k w i s e  ( c )  o r  i n  th e  o t h e r  p h ase  r o t a t i n g  
c lo c k w is e  ( b ) .  When th e  d i r e c t i o n  o f  r e l a t i v e  v e l o c i t i e s  was r e v e r s e d  (d )  t h e  two p o s s i b l e  p h a s e s  were th e n  a s s o c i a t e d  v i t h  t h e  o p p o s i t e  d i r e c t i o n .
S ' s
s u r f a c e  i n  t h e  o p p o s i t e  phase  w hich r o t a t e d  th ro u g h  a  few d e g re e s  i n  
t h e  o p p o s i t e  d i r e c t i o n  ( F ig u r e  8 . 2 c ) .  The two p o s s i b l e  i n t e r p r e t a t i o n s  
w ere  g e n e r a l l y  p e r c e iv e d  w i t h  r o u g h ly  e q u a l  p r o b a b i l i t y  on d i f f e r e n t  
o c c a s i o n s .  The a m b ig u i ty  p e r c e iv e d  i n  t h i s  s i t u a t i o n  i s  s i m i l a r  to  
t h a t  p e rc e iv e d  i n  t h e  K i n e t i c  D epth  E f f e c t  (W allach  and O 'C o n n e l l ,  
1 9 5 3 ) ,  where e ach  o f  two p o s s i b l e  f r o n t / b a c k  d e p th  r e l a t i o n s h i p s  i s  
l in k e d  to  a  p a r t i c u l a r  d i r e c t i o n  o f  p e r c e iv e d  r o t a t i o n .  T h is  a m b ig u i ty  
was d i s c u s s e d  i n  c h a p te r  2 .
By r e v e r s i n g  t h e  a c t u a l  r e l a t i v e  v e l o c i t i e s  p r e s e n t  i n  th e  
[i. random d o t  p a t t e r n  ( F ig u r e  8 . 2 d ) ,  an ambiguous s u r f a c e  c o u ld  be 
p roduced  where a  p a r t i c u l a r  p h a se  was now a s s o c i a t e d  w i th  t h e  o p p o s i t e  
d i r e c t i o n  o f  m o tion  to  t h a t  f o r  t h e  o r i g i n a l  p a t t e r n  o f  v e l o c i t i e s .  
T h is  f a c t  was e x p l o i t e d  i n  t h e  e x p e r im e n t  to  a v o id  r e s p o n s e  b i a s  on th e  
p a r t  of th e  o b s e r v e r .  S t im u l i  w i th  e i t h e r  th e  p a t t e r n  o f  v e l o c i t i e s  i n  
8 . 2 a  o r  8 .2 d  w ere  p r e s e n t e d  on d i f f e r e n t  t e s t  t r i a l s .  The o b s e r v e r  was 
a s k e d  to  r e p o r t  t h e  p e r c e iv e d  d i r e c t i o n  o f  r o t a t i o n  o f  t h e  c o r r u g a te d  
s u r f a c e ,  r a t h e r  t h a n  i t s  p e r c e iv e d  p h a s e .  I n  t h i s  way, i f  o b s e r v e r s  
p e r c e iv e d  b o th  s t i m u l i  a s  h a v in g  th e  same p h a s e ,  t h e  r e p o r t e d  p e r c e iv e d  
d i r e c t i o n  o f  r o t a t i o n  was d i f f e r e n t  i n  t h e  two c a s e s .
I n  t h e  e x p e r im e n ta l  c o n d i t i o n ,  o b s e rv e r s  were p r e s e n t e d  w i th  th e  
s t e r e o s c o p i c  a d a p t in g  c o r r u g a t i o n  f o r  t e n  seconds  ( F ig u r e  8 . 3 a ) .  One 
o f  th e  random d o t  p a t t e r n s  was th e n  b la n k e d  o u t  and , random ly , e i t h e r  
o f  th e  two p a t t e r n s  of v e l o c i t i e s  ( 8 .2 a  o r  8 .2 d )  w hich s p e c i f i e d  t h e  
ambiguous t e s t  s u r f a c e  was p r e s e n t e d  f o r  two seconds  ( F ig u r e  8 . 3 b ) .  On 
h a l f  th e  t r i a l s  th e  t e s t  s u r f a c e  was p r e s e n t e d  to  th e  l e f t  eye and on 
t h e  o t h e r  h a l f  i t  was p r e s e n t e d  to  t h e  r i g h t  eye .  At t h e  end o f  t h e  
t e s t  p e r i o d ,  t h e  o b s e r v e r  was a sk ed  to  r e p o r t  t h e  p e r c e iv e d  d i r e c t i o n
195
n n y : > i L U l  O U I  I U C e rercGiVGd Surface
ADAPT 





Ambiguous Relative Motion Surface 
. MONOCULAR
F ig u r e  8 . 3 .
B i a s s i n g  o f  am biguous p a r a l l a x  d e p th .  The ambiguous p a r a l l a x  s u r f a c e  was 
b r i e f l y  p r e s e n t e d  a f t e r  v ie w in g  a b i n o c u l a r  s t e r e o s c o p i c  c o r r u g a t i o n .
%of r o t a t i o n  o f  th e  ‘ c o r r u g a t e d  s u r f a c e  t h a t  was p e r c e iv e d  d u r in g  th e  
t e s t  p e r i o d .  C yc les  o f  a d a p t  and t e s t  were c a r r i e d  o u t  w i th  th e
o b s e r v e r  r e p o r t i n g  th e  p e r c e iv e d  d i r e c t i o n  of r o t a t i o n  a f t e r  each  t e s t
p e r i o d .  I n  a  second  b lo c k  o f  t r i a l s  th e  phase  o f  th e  s t e r e o s c o p i c  |
Ia d a p t i n g  c o r r u g a t i o n  was r e v e r s e d  and th e  same p r o c e d u r e  was r e p e a t e d .
A c o n t r o l  c o n d i t i o n  was a l s o  c a r r i e d  o u t  w here a f l a t ,  z e ro  H
d i s p a r i t y ,  s t e r e o s c o p i c  s u r f a c e  was p r e s e n te d  d u r in g  th e  a d a p t i n g  
p e r i o d .  C y c le s  o f  t e n  se co n d s  o f  th e  f l a t  s t e r e o  s u r f a c e  fo l lo w e d  by 2 
se co n d s  o f  t h e  ambiguous t e s t  s u r f a c e  were a g a in  p r e s e n t e d  and th e  
o b s e r v e r  r e p o r t e d  th e  p e r c e iv e d  d i r e c t i o n  o f  r o t a t i o n  o f  t h e  d e p th  
s u r f a c e  p r e s e n t e d  d u r in g  t h e  t e s t  p e r i o d .  I t  was e x p e c te d  t h a t ,  i n  
t h i s  c o n t r o l  c o n d i t i o n ,  each  o f  t h e  two p o s s i b l e  d e p th  i n t e r p r e t a t i o n s  
would be p e r c e iv e d ,  on a v e r a g e ,  50% o f  th e  t im e  w h i l e ,  i n  t h e  
e x p e r i m e n t a l  c o n d i t i o n ,  th e  p e r c e p t i o n  of th e  am biguous c o r r u g a t i o n
would be b i a s s e d  i n  f a v o u r  o f  one phase  r a t h e r  t h a n  th e  o t h e r .  S ix
s u b j e c t s  were g iv e n  t h i r t y  t r i a l s  i n  b o th  th e  e x p e r im e n ta l  and c o n t r o l  
c o n d i t i o n s .  Four of t h e  o b s e r v e r s  were n a iv e  as  to  t h e  p u rp o se  o f  t h e  
e x p e r i m e n t .
The i n d i v i d u a l  r e s u l t s  o b t a i n e d  f o r  th e  s i x  s u b j e c t s  a r e  shown 
i n  F ig u r e  8 .4 a  and th e  mean d a t a  i n  F ig u re  8 .4 b .  The r e s u l t s  show th e  
same p a t t e r n  f o r  a l l  s u b j e c t s .  I n  th e  c o n t r o l  c o n d i t i o n ,  a f t e r  
a d a p t i n g  to  a  f l a t  s t e r e o s c o p i c  s u r f a c e ,  th e  am biguous r e l a t i v e  m otion  
c o r r u g a t i o n  was p e r c e iv e d  i n  e a c h  o f  th e  two p o s s i b l e  p h a s e s  a b o u t  
e q u a l l y  o f t e n ,  a l th o u g h  some o b s e r v e r s  showed a  s l i g h t  b i a s  tow ards  
p e r c e i v i n g  one phase  r a t h e r  th a n  o t h e r .  I n  c o n t r a s t ,  i n  t h e  
e x p e r im e n ta l  c o n d i t i o n ,  a f t e r  i n s p e c t i o n  o f  a  s t e r e o s c o p i c  c o r r u g a t i o n  
i n  one p h a s e ,  t h e  i n t e r p r e t a t i o n  o f  th e  ambiguous r e l a t i v e  m otion
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(a)
( F ig u r e  8 . 4 .  ~ s e e  o v e r)
Perceived Test Phase
MEAN % A B
Control 51 49
Phase A 4 96
Phase B 87 13
(b)
F ig u re  8 . 4 ,
B ia s s in g  o f  am biguous p a r a l l a x  d e p th :
(a)  F o r  e ach  o f  t h e  s i x  o b s e r v e r s  t h e  t a b l e  shows th e  number o f  t im e s  
t h a t  t h e  ambiguous p a r a l l a x  s u r f a c e  was p e r c e iv e d  i n  e ach  o f  th e  two 
p o s s i b l e  p h a s e s ,  f o l l o w i n g  a d a p t a t i o n  to  a s t e r e o s c o p i c  s u r f a c e  w i th  
z e ro  d i s p a r i t y  ( c o n t r o l )  o r  to  a  c o r r u g a te d  s t e r e o  s u r f a c e  i n  e i t h e r  o f  
th e  two p h a s e s ,
( b ) 'T h e  mean r e s u l t s  a r e  p l o t t e d  f o r  th e  s ix  o b s e r v e r s  whose i n d i v i d u a l  
d a t a  w ere  shown i n  ( a ) .  The d a t a  show th e  p e r c e n ta g e  number o f  t r i a l s  
i n  w hich  th e  t e s t  s u r f a c e  was p e r c e iv e d  i n  each  o f  t h e  two p h a s e s ,
f o r  th e  t h r e e  a d a p t a t i o n  c o n d i t i o n s .
i l )  B ia s s in g  of  am biguous s t e r e o  d e p th .
The second  e x p e r im e n t  was c o n v e rs e  t o  t h e  f i r s t  and lo o k ed  a t  
w h e th e r  p r i o r  i n s p e c t i o n  o f  a  m o tio n  p a r a l l a x  d e p th  s u r f a c e  would b i a s  
t h e  i n t e r p r e t a t i o n  o f  an  am biguous s t e r e o s c o p i c  s u r f a c e .
As i n  th e  p r e v io u s  e x p e r im e n t ,  th e  a d a p t i n g  s t im u lu s  was a 
c o r r u g a t e d  d e p th  s u r f a c e  w i th  a  s p a t i a l  f re q u e n c y  o f  0 .2  c y c l e s  p e r  
d e g r e e .  I n  t h i s  c a s e ,  how ever ,  th e  d e p th  s u r f a c e  was s p e c i f i e d  by 
m o tio n  p a r a l l a x  i n f o r m a t io n .  U s ing  th e  d i s p l a y  d e s c r i b e d  above , th e  
o b s e r v e r  viewed t h e  p a t t e r n  th ro u g h  th e  m i r r o r s  a s  t h e  sc o p es  on th e
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c o r r u g a t i o n  was h e a v i l y  b i a s s e d  i n  f a v o u r  o f  th e  o p p o s i t e  p h a s e .  The 
mean r e s u l t s  show t h a t  i n  t h e  c o n t r o l  c o n d i t i o n  th e  ambiguous 
c o r r u g a t i o n  was p e r c e iv e d  i n  one p h ase  49% o f  t h e  t im e  and i n  th e  o t h e r  %
p h a se  51% o f  t h e  t im e ,  w h i l e  i n  t h e  e x p e r im e n ta l  c o n d i t i o n  th e  p h ase  
o p p o s i t e  to  t h a t  o f  th e  a d a p t i n g  c o r r u g a t i o n  was p e r c e i v e d ,  on a v e r a g e ,  â
92% o f  th e  t im e .  Even f o r  an o b s e r v e r  such  as  BJR, w here t h e r e  was 
i n i t i a l l y  a  s t r o n g  b i a s  to w a rd s  r e p o r t i n g  one phase  i n  t h e  a b sen c e  of 
a d a p t a t i o n ,  th e  b i a s s i n g  e f f e c t  o f  p r i o r  i n s p e c t i o n  o f  a  s t e r e o s c o p i c  
s u r f a c e  was s t r o n g  enough to  c o m p le te ly  overcome th e  i n i t i a l  b i a s .
I n  summary, t h e  r e s u l t s  c l e a r l y  show t h a t  p r i o r  i n s p e c t i o n  o f  a  
b i n o c u l a r  s t e r e o s c o p i c  d e p th  s u r f a c e  s t r o n g l y  b i a s s e d  t h e  s u b s e q u e n t  
i n t e r p r e t a t i o n  o f  an ambiguous m onocu lar  d e p th  s u r f a c e  where th e  d e p th  
was s p e c i f i e d  by r e l a t i v e  m o t io n .  The b i a s s i n g  f a v o u re d  th e  
i n t e r p r e t a t i o n  o f  t h e  ambiguous d e p th  c o r r u g a t i o n  which was o p p o s i t e  to  
t h a t  o f  th e  s t e r e o s c o p i c  a d a p t i n g  c o r r u g a t i o n .
■' .. -■ i-rt-Vi
p l a t f o r m  moved from s i d e  t o  s i d e  a c r o s s  th e  l i n e  o f  s i g h t .  The p a t t e r n
on one o f  t h e  sc o p es  was b lan k e d  o u t  d u r in g  th e  a d a p t in g  p e r i o d  and f
ir­r e l a t i v e  p a r a l l a x  m o tio n  was i n t r o d u c e d  betw een th e  rows o f  d o t s  i n  th e
o t h e r .  The amount o f  r e l a t i v e  d i s p la c e m e n t  was a m p l i tu d e  m o d u la ted  by
t h e  movement o f  t h e  s c o p e ,  h ence  s im u l a t in g  a p a s s i v e  p a r a l l a x  5
s i t u a t i o n .  When v iew in g  t h i s  d i s p l a y  o b s e r v e r s  saw a s o l i d ,
s t a t i o n a r y ,  unambiguous d e p th  s u r f a c e  moving a c r o s s  t h e i r  l i n e  o f  -
s i g h t .  The c o r r u g a t e d  a d a p t i n g  s u r f a c e  was p r e s e n te d  to  e i t h e r  th e
l e f t  o r  r i g h t  e y e .
The t e s t  s u r f a c e  was an  ambiguous s t e r e o s c o p i c  d e p th  s u r f a c e  
w hich  c o u ld  be p e r c e iv e d  as  a  c o r r u g a te d  s u r f a c e  i n  one of two o p p o s i t e  
p h a s e s .  To p ro d u ce  th e  s u r f a c e ,  d i s p a r i t i e s  were i n t r o d u c e d  be tw een  
t h e  two random d o t  p a t t e r n s  so t h a t  a l t e r n a t e  m atches  betw een  th e  
e le m e n ts  o f  each  p a t t e r n  were p o s s i b l e .  T h is  t e c h n iq u e  was d e r iv e d  
from  th e  w a l lp a p e r  i l l u s i o n  (M eyer, 1842) and has  been used  by J u l e s z  
(1971)  to  p ro d u ce  ambiguous random d o t  s te r e o g ra m s  o f  v a r i o u s  k i n d s .
I n  t h e s e  c a s e s ,  a  s p a t i a l l y  r e p e t i t i v e  p a t t e r n  ( i n  t h e  s i m p l e s t  c a se  
b l a c k  and w h i te  s t r i p e s )  i s  u se d  to  g e n e r a te  a  s te r e o g ra m  w here  each  
h a l f  c o n ta i n s  t h e  same p a t t e r n ,  b u t  where t h e  p a t t e r n  i s  s h i f t e d  by 
h a l f  i t s  r e p e t i t i o n  d i s t a n c e  i n  one h a l f  w i th  r e s p e c t  to  t h e  o t h e r .
T h i s  m a n ip u la t io n  p ro d u c e s  a  s i t u a t i o n  where two e q u a l l y  p o s s i b l e  -j
m a tch es  can be made betw een  th e  two h a lv e s  o f  th e  s te r e o g ra m  and so th e  
s t i m u lu s  can  be se en  i n  e i t h e r  o f  two d e p th  p l a n e s .  The p r i n c i p l e  i s  
i l l u s t r a t e d  f o r  a  s t r i p e d  p a t t e r n  i n  F ig u re  8 .5  ( a l t h o u g h  i n  th e  
p r e s e n t  e x p e r im e n t  t h e  s te r e o g ra m  was made up o f  r e p e t i t i v e  c l u s t e r s  o f  
random d o t s  r a t h e r  th a n  b l a c k  and w h i te  b a r s ) .  I n  a d d i t i o n ,  th e  
s p a t i a l  r e p e t i t i o n  r a t e  was v a r i e d  from  th e  to p  to  th e  bo ttom  o f  th e
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F ig u r e  8 . 5 .
The p r i n c i p l e  u se d  t o  g e n e r a t e  an  ambiguous s t e r e o s c o p i c  s u r f a c e  was 
b a sed  on th e  w a l lp a p e r  e f f e c t .  Each h a l f  o f  t h e  s te r e o g ra m  c o n s i s t e d  o f  
r e p e t i t i v e  c l u s t e r s  o f  random d o t s ,  r e p r e s e n t e d  h e re  by b l a c k  and w h i te  
b a r s .  I n  e a ch  a l t e r n a t e  band th e  p a t t e r n  i n  one h a l f  o f  th e  s te r e o g ra m  
i s  s h i f t e d  by  h a l f  i t s  r e p e t i t i o n  d i s t a n c e ,  w i th  r e s p e c t  t o  t h e  o t h e r  
h a l f .  Two e q u a l l y ^ o s s i b l e  m atch es  a r e  t h e n  p o s s i b l e  be tw een  th e  two 
h a lv e s  o f  t h e  s te r e o g ra m  and an am biguous d e p th  s u r f a c e  i s  p ro d u c e d .
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p a t t e r n  w hich  made i t  p o s s i b l e  to  produce  an  a p p ro x im a t io n  to  an 
ambiguous s i n u s o i d a l  d e p th  c o r r u g a t i o n .  The s te r e o g ra m  a c t u a l l y  u se d  
i n  t h e  e x p e r im e n t  i s  shown i n  F ig u r e  8 . 6 .
The p ro c e d u re  was t h e  same as  t h a t  u se d  i n  t h e  p r e v i o u s  
e x p e r im e n t  and i s  i l l u s t r a t e d  i n  F ig u re  8 .7 .  A f t e r  an  i n i t i a l  a d a p t i n g  
p e r i o d  o f  two m in u te s ,  t h e  unambiguous d e p th  c o r r u g a t i o n ,  s p e c i f i e d  by 
m o tio n  p a r a l l a x  i n f o r m a t i o n ,  was p r e s e n te d  m o n o c u la r ly  to  e i t h e r  eye  
f o r  10 s e c s .  The ambiguous s t e r e o  s u r f a c e  was th e n  b r i e f l y  p r e s e n t e d  
b i n o c u l a r l y ,  and t h e  o b s e r v e r  was asked  to  r e p o r t  t h e  phase  o f  t h e  
ambiguous c o r r u g a t i o n  w i th  r e s p e c t  to  th e  f i x a t i o n  p o i n t .  T h i r t y  
t r i a l s  o f  a d a p t - t e s t  s e q u e n c e s  were p r e s e n te d  i n  b lo c k s  o f  f i v e  w i th  
t h e  p h ase  o f  t h e  a d a p t i n g  c o r r u g a t i o n  a l t e r n a t i n g  be tw een  b l o c k s .  
Randomly i n t e r s p e r s e d  among t h e s e  e x p e r im e n ta l  t r i a l s  were a s e r i e s  o f  
c a t c h  t r i a l s  i n  w hich th e  am biguous s t e r e o s c o p i c  s u r f a c e  was h i g h l y  
b i a s s e d  i n  f a v o u r  o f  t h e  same phase  as  th e  a d a p t in g  s u r f a c e .  T h is  was 
done by i n t r o d u c i n g  a  c o n t in u o u s  s i n u s o i d a l  s h i f t  i n  one d i r e c t i o n  
b e tw een  th e  two h a lv e s  o f  th e  ambiguous random d o t  s te r e o g ra m .  T hese  
c a t c h  t r i a l s  were i n t r o d u c e d  to  a v o id  any r e s p o n s e  b i a s  o f  s e t  on th e  
p a r t  of t h e  o b s e r v e r .  As b e f o r e ,  a  c o n t r o l  c o n d i t i o n  was c a r r i e d  o u t  
w hich  was i d e n t i c a l  t o  t h e  e x p e r im e n ta l  c o n d i t i o n  e x c e p t  t h a t  t h e  
a d a p t i n g  s u r f a c e  c o n ta i n e d  no r e l a t i v e  m otion  and a p p e a re d  f l a t .  T h is  
c o n d i t i o n  m easured  t h e  r e l a t i v e  f r e q u e n c y  of p e r c e i v i n g  th e  am biguous 
c o r r u g a t i o n  i n  each  o f  t h e  two p h a s e s ,  i n  t h e  ab sen ce  o f  p r i o r  
a d a p t a t i o n .
I
The i n d i v i d u a l  r e s u l t s  o b t a in e d  f o r  s i x  o b s e r v e r s  a r e  shown i n  * ii
F i g u r e  8 .8 a  and th e  mean d a t a  i n  F ig u re  8 .8 b .  A g a in ,  t h e  p a t t e r n  o f  ■
r e s u l t s  was s i m i l a r  f o r  a l l  o b s e r v e r s .  However, t h e  d a t a  f o r  o b s e r v e r
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F ig u re  8 .7 .
B ia s s in g  o f  ambiguous s t e r e o s c o p i c  d e p th .  A f t e r  v ie w in g  an unambiguous 
p a r a l l a x  d e p th  s u r f a c e  th e  am biguous s te r e o g ra m  was b r i e f l y  p r e s e n te d  and 
o b s e r v e r s  r e p o r t e d  i t s  p e r c e iv e d  p h a s e . .
GQ a r e  l e s s  c l e a r  and s in c e  t h i s  o b s e rv e r  had r e p o r t e d  d i f f i c u l t y  w i th  
t h e  t a s k  h i s  d a t a  have  been o m i t te d  from th e  mean d a t a .  Looking  a t  th e  
mean r e s u l t s ,  i t  can  be se en  t h a t  i n  th e  c o n t r o l  c o n d i t i o n ,  a f t e r  
i n s p e c t i o n  o f  a  f l a t  m onocu lar  s u r f a c e  c o n ta i n in g  no r e l a t i v e  m o tio n ,  
t h e  am biguous s te r e o g ra m  was p e r c e iv e d  i n  one phase  45% o f  th e  t im e  and 
i n  t h e  o t h e r  55% o f  t h e  t im e .  However i n  th e  e x p e r im e n ta l  c o n d i t i o n ,  
a f t e r  a d a p t i n g  t o  a  p a r a l l a x  d e p th  c o r r u g a t i o n  i n  one p h a s e ,  th e  
ambiguous s te r e o g ra m  was p e r c e iv e d  i n  th e  o p p o s i t e  p h a s e ,  on a v e r a g e ,  
90% o f  t h e  t im e .  I t  i s  n o t a b l e  t h a t  s e v e r a l  o b s e r v e r s  had s t r o n g  
i n d i v i d u a l  b i a s e s  tow ards  p e r c e i v i n g  th e  ambiguous s te r e o g ra m  i n  one 
p h a se  r a t h e r  th a n  t h e  o t h e r ,  a s  shown i n  t h e  c o n t r o l  c o n d i t i o n .  
However, even  f o r  t h e s e  o b s e r v e r s  th e  b i a s s i n g  e f f e c t s  o f  a d a p t a t i o n  to  
p a r a l l a x  d e p th  w ere  s t i l l  s t r o n g .
i i i )  D i s c u s s io n
The r e s u l t s  o f  t h e s e  two e x p e r im e n ts  have shown t h a t ,  on t h e  one 
h a n d ,  p r i o r  e x p o su re  t o  a  s t e r e o s c o p i c  d e p th  c o r r u g a t i o n  can  b i a s  th e  
s u b s e q u e n t  i n t e r p r e t a t i o n  o f  an  ambiguous d e p th  c o r r u g a t i o n  s p e c i f i e d  
by r e l a t i v e  m o tio n ,  an d ,  on t h e  o t h e r ,  t h a t  a d a p t a t i o n  to  a  d e p th  
c o r r u g a t i o n  s p e c i f i e d  by m o tio n  p a r a l l a x  can  b i a s  t h e  i n t e r p r e t a t i o n  of 
an  ambiguous s t e r e o  c o r r u g a t i o n .  I n  b o th  c a s e s  th e  e f f e c t  o f  
a d a p t a t i o n  was to  b i a s  th e  p e r c e iv e d  d e p th  i n  f a v o u r  o f  th e  d e p th  
c o r r u g a t i o n  w i th  th e  o p p o s i t e  phase  to  th e  a d a p t in g  c o r r u g a t i o n  (Rogers 
and Graham, 1 9 8 3 ) .
T hese  f i n d i n g s  show t h a t  in fo r m a t io n  from  th e  m otion  p a r a l l a x  
and s t e r e o s c o p i c  d e p th  mechanisms does i n t e r a c t  a t  some s t a g e  o f  v i s u a l
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(b)
F ig u r e  8 .8 .
B i a s s i n g  o f  ambiguous s t e r e o s c o p i c  d e p th :
(a )  F o r  e a ch  o f  th e  s i x  o b s e r v e r s  t h e  t a b l e  shows th e  number o f  t im e s  
i n  w h ich  th e  t e s t  s u r f a c e  was p e r c e iv e d  i n  each  o f  th e  two p o s s i b l e  
p h a s e s  f o l l o w i n g  a d a p t a t i o n  t o  e i t h e r  a  z e ro  d i s p a r i t y  s t e r e o  s u r f a c e  
( c o n t r o l )  o r  a  s t e r e o s c o p i c  d e p th  c o r r u g a t i o n  i n  e i t h e r  o f  t h e  two 
p h a s e s .
(b )  The mean d a t a  f o r  t h e  s i x  o b s e r v e r s  shows th e  mean p e r c e n ta g e  
number o f  t r i a l s  i n  w hich  th e  t e S t  s u r f a c e  was p e r c e iv e d  i n  each  o f  t h e  
two p h a s e s  f o r  t h e  t h r e e  a d a p t a t i o n  c o n d i t i o n s .
JLi:
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p r o c e s s i n g .  T h is  i n t e r a c t i o n  may be some type  o f  i n h i b i t o r y  l i n k a g e  
b e tw een  t h e  two sy s te m s  o r  t h e r e  m ight be some h ig h e r  l e v e l  d e p th  4
p r o c e s s  w hich  r e c e i v e s  i n p u t s  from  th e  two s y s te m s .  The b i a s s i n g  
e f f e c t s  found  h e r e  show th e  e x i s t e n c e  o f  e s s e n t i a l l y  q u a l i t a t i v e  
i n t e r a c t i o n s  betw een th e  two s y s te m s .  I t  i s  p o s s i b l e  t h a t  w i t h i n  a  3
h i g h e r  l e v e l  d e p th  m echanism , q u a n t i t a t i v e  i n t e r a c t i o n s  be tw een  
i n f o r m a t i o n  from th e  two d e p th  s o u rc e s  m ight a l s o  be p o s s i b l e .  4
A l th o u g h ,  a s  d i s c u s s e d  a b o v e ,  q u a n t i t a t i v e  i n t e r a c t i o n s  do n o t  seem to  
o c c u r  when i n f o r m a t io n  from  p a r a l l a x  and s t e r e o  d i r e c t l y  c o n f l i c t ,  i t  
m ig h t  be p o s s i b l e  to  d e m o n s t r a te  such  i n t e r a c t i o n s  u s in g  th e  d e p th  
a d a p t a t i o n  pa rad igm  u sed  i n  t h e  p r e s e n t  e x p e r im e n ts .  T h is  p o s s i b i l i t y  
was i n v e s t i g a t e d  i n  t h e  n e x t  e x p e r im e n t .
8 .4  Q u a n t i t a t i v e  I n t e r a c t i o n s  be tw een  Depth  A f t e r e f f e c t s
The s t r o n g  d e p th  a f t e r e f f e c t s  which fo l lo w  p ro lo n g e d  v iew in g  of 
s t e r e o s c o p i c  o r  p a r a l l a x  d e p th  s u r f a c e s  were d e s c r ib e d  i n  C h ap te r  4 . 
The s t r e n g t h  of t h e s e  a f t e r e f f e c t s  was m easured  by n u l l i n g ,  o r  
c a n c e l l i n g  t h e  p e r c e iv e d  d e p th  i n  t h e  t e s t  s u r f a c e  w i th  p h y s i c a l  d e p th ,  
u n t i l  i t  a p p e a re d  f l a t .  I n  t h e s e  o r i g i n a l  e x p e r im e n ts  th e  d e p th  u sed  
t o  c a n c e l  t h e  a f t e r e f f e c t  was a lw ays  s p e c i f i e d  by th e  same cue as  t h a t  
.used to  s p e c i f y  t h e  d e p th  i n  t h e  a d a p t in g  s u r f a c e .  The s t r o n g  b i a s s i n g  
e f f e c t s  found f o r  ambiguous d e p th  s u r f a c e s  w hich have j u s t  been  
d e s c r i b e d ,  d e m o n s t ra te d  t h a t  p r i o r  i n s p e c t i o n  o f  a  d e p th  s u r f a c e  
s p e c i f i e d  by one d e p th  cue b i a s s e d  th e  su b seq u e n t  i n t e r p r e t a t i o n  o f  an  
am biguous d e p th  s u r f a c e  s p e c i f i e d  by th e  o t h e r  c u e .  T h is  f i n d i n g  
s u g g e s t e d  t h a t  i t  m igh t a l s o  be p o s s i b l e  to  c a n c e l  o r  n u l l  n e g a t i v e  
d e p th  a f t e r e f f e c t s  u s in g  d e p th  i n f o r m a t io n  s p e c i f i e d  by th e  o t h e r  d e p th
1
cue . The e x p e r im e n ta l  a p p a r a t u s  d e s c r ib e d  a t  th e  b e g in n in g  o f  t h i s  
c h a p t e r  a l lo w e d  t h i s  p o s s i b i l i t y  t o  be i n v e s t i g a t e d .
i )  Method I
3T hroughout t h e  e x p e r im e n t ,  t h e  o b s e rv e r  viewed th e  d i s p l a y  
th ro u g h  th e  s t e r e o s c o p i c  m i r r o r  a rra n g e m e n t  w h i le  th e  p l a t f o r m  was 
swung from s i d e  to  s i d e  a c r o s s  t h e  l i n e  o f  s i g h t  th ro u g h  a b o u t  15cms.
To p r o v id e  s t e r e o s c o p i c  d e p th  i n f o r m a t io n  b i n o c u l a r  d i s p a r i t i e s  were §
i n t r o d u c e d  be tw een  th e  two random d o t  p a t t e r n s .  M onocular m o tio n  
p a r a l l a x  d e p th  i n f o r m a t io n  was p ro v id e d  by b la n k in g  o u t  t h e  p a t t e r n  on
one o s c i l l o s c o p e  and i n t r o d u c i n g  a  p a t t e r n  o f  v e l o c i t i e s  i n t o  t h e  'l|
o t h e r .  The r e l a t i v e  m o tio n  was c o n c o m ita n t  w i th  th e  movement o f  t h e  l i%
scope  on th e  p l a t f o r m ,  th u s  s p e c i f y i n g  unambiguous p a r a l l a x  d e p th .
The e x p e r im e n ta l  d e s ig n  c o n ta in e d  th e  f o u r  c o n d i t i o n s  
i l l u s t r a t e d  i n  F ig u re  8 . 9 a .  I n  each  c o n d i t i o n  th e  p ro c e d u re  was th e  
same. O b se rv e rs  were p r e s e n t e d  w i t h  a  c o r r u g a te d  a d a p t in g  s u r f a c e  o f  
low s p a t i a l  f re q u e n c y  f o r  t e n  seco n d s  and th a n  a  t e s t  s u r f a c e  was 
b r i e f l y  p r e s e n t e d  f o r  2 s e c o n d s .  D ur ing  c y c le s  o f  a d a p t  and t e s t ,  t h e  
o b s e r v e r  was r e q u i r e d  to  a d j u s t  t h e  p h y s i c a l  peak to  t ro u g h  d e p th  o f  
t h e  t e s t  c o r r u g a t i o n  u n t i l  t h e  a f t e r e f f e c t  was c a n c e l l e d  and th e  t e s t  
s u r f a c e  a p p e a re d  f l a t .  I n  two o f  th e  e x p e r im e n ta l  c o n d i t i o n s  th e  d e p th  
i n  t h e  a d a p t  and t e s t  s u r f a c e s  w ere  b o th  s p e c i f i e d  by th e  same s o u rc e  
o f  d e p th  i n f o r m a t io n ,  w h i l e  i n  th e  o t h e r  two c o n d i t i o n s  th e  a d a p t  and 
t e s t  s u r f a c e s  were s p e c i f i e d  by d i f f e r e n t  s o u r c e s .  The sam e-cue  
c o n d i t i o n s  a c te d  a s  a  c o m p a r iso n  f o r  th e  c r o s s - c u e  c o n d i t i o n s .  I n  one 








T E S T
Binocular
Stereo MonocularParallax
Binocular A dapt S te reo Adapt S tereo
A Stereo T e s t S te re o T est Parallax
n
Ap Monocular Adapt Parallax Adapt Parallax






















C a n c e l l a t i o n  o f  d e p th  a f t e r e f f e c t  u s i n g  d e p th  s p e c i f i e d  by  a n o th e r  c u e :
( a )  T h e s t r e n g t h  o f  t h e  d e p th  a f t e r e f f e c t  f o l l o w in g  a d a p t a t i o n  to  a 
c o r r u g a t e d  d e p th  s u r f a c e  was m easu red  f o r  t h e  f o u r  c o n d i t i o n s  shown, u s in g  
a n u l l i n g  t e c h n i q u e .  I n  two c o n d i t i o n s  t h e  a f t e r e f f e c t  was c a n c e l l e d  u s in g  
d e p th  s p e c i f i e d  by t h e  same cue as t h e  a d a p t i n g  s u r f a c e  w h i l e  i n  t h e  o t h e r  
two c o n d i t i o n s  i t  was n u l l e d  u s in g  d e p t h  s p e c i f i e d  by  t h e  o t h e r  c u e .
(b )  Seven  c o n d i t i o n s  w ere  a c t u a l l y  m ea su red  i n  t h e  e x p e r im e n t  w i t h  m onocu la r^  




s t e r e o s c o p i c  c o r r u g a t i o n  f o r  s e v e r a l  se c o n d s .  D uring  th e  t e s t  p e r i o d s  4
ïja m otion  p a r a l l a x  c o r r u g a t i o n  was p r e s e n te d  m o n o cu la r ly  and t h e  1
o b s e r v e r  a d ju s t e d  th e  o v e r a l l  amount o f  r e l a t i v e  m o tio n ,  and hence  t h e  
peak  t o  t ro u g h  d e p th  o f  t h e  c o r r u g a t i o n ,  u n t i l  t h e  s u r f a c e  a p p e a re d  
f l a t  and th e  c r o s s - c u e  a f t e r e f f e c t  had been  c a n c e l l e d .  I n  th e  o t h e r  
c r o s s - c u e  c o n d i t i o n ,  a f t e r  v ie w in g  a m otion  p a r a l l a x  a d a p t in g  s u r f a c e ,  
w hich was p r e s e n t e d  m o n o c u la r ly  and where th e  d e p th  was s p e c i f i e d  by j
r e l a t i v e  m o tio n ,  a  b i n o c u l a r  s t e r e o s c o p i c  t e s t  s u r f a c e  was p r e s e n t e d .
D uring  a sequence  o f  a d a p t - t e s t  c y c l e s  t h e  o b s e r v e r  a d j u s t e d  t h e  amount 
o f  peak  to  t ro u g h  d i s p a r i t y  i n  t h e  t e s t  s u r f a c e  u n t i l  i t  a p p e a re d  f l a t .
I n  each  c a s e ,  t h e  amount o f  peak  to  t ro u g h  d e p th  ( s p e c i f i e d  by r e l a t i v e  
m o tio n  or d i s p a r i t y )  t h a t  had to  be added to  t h e  t e s t  s u r f a c e  t o  c a n c e l  
t h e  a f t e r e f f e c t  was t a k e n  a s  a  m easure  o f  th e  s t r e n g t h  of  t h e  
a f t e r e f f e c t .  I n  a l l  c o n d i t i o n s  t h e  a d a p t in g  s u r f a c e  was a  s i n u s o i d a l  
c o r r u g a t i o n  of  0 .1  c y c l e s  p e r  d e g re e  and w i th  a peak t o  t ro u g h  
d i s p a r i t y  e q u i v a l e n t  t o  10 min a r c .
M onocular p a r a l l a x  i n f o r m a t io n  co u ld  be p r e s e n t e d  to  e i t h e r  t h e  
l e f t  o r  th e  r i g h t  eye  and b o th  sam e-cue  and c r o s s - c u e  a f t e r e f f e c t s  were 
m easured  f o r  b o th  t h e s e  c a s e s . .  A f t e r e f f e c t s  w e re ,  t h e r e f o r e ,  m easured  
f o r  a  t o t a l  o f  se v en  c o n d i t i o n s  ag shown i n  F ig u re  8 .9 b .  S e v e r a l  
p r a c t i c e  t r i a l s  w ere  c a r r i e d  o u t  f o r  each  c o n d i t i o n  t o  f a m i l i a r i s e  
o b s e r v e r s  w i th  t h e  t a s k .  When th e  o b s e r v e r s  were s a t i s f i e d  t h a t  th e y  
c o u ld  pe rfo rm  th e  t a s k  c o n s i s t e n t l y ,  f o u r  b lo c k s  o f  t r i a l s  w ere  c a r r i e d  
o u t .  I n  each b lo c k  th e  s t r e n g t h  o f  t h e  a f t e r e f f e c t  was m easu red  f o r  
each  o f  th e  s e v e n  c o n d i t i o n s .  Two o b s e r v e r s  to o k  p a r t  i n  t h e  |
e x p e r im e n t .
11) Results
I
The r e s u l t s  o b t a in e d  f o r  t h e  two o b s e rv e r s  a r e  shown i n  F ig u re  
8 .1 0 .  I t  was found t h a t  i t  was in d e e d  p o s s i b l e  t o  n u l l  o r  c a n c e l  th e
a f t e r e f f e c t  p roduced  f o l lo w in g  a d a p t a t i o n  to  e i t h e r  s t e r e o s c o p i c  o r  
m o t io n  p a r a l l a x  d e p th ,  u s in g  d e p th  s p e c i f i e d  by th e  o t h e r  cue .  A f t e r  
i n s p e c t i o n  o f  a  s t e r e o s c o p i c  c o r r u g a t i o n ,  a  f l a t  m onocu lar  s u r f a c e  
a p p e a re d  t o  be c o r r u g a te d  w i th  th e  o p p o s i t e  phase  and t h i s  p e rc e iv e d  
d e p th  c o u ld  be c a n c e l l e d  o u t  by a d d in g  r e l a t i v e  m o tio n  t o  th e  s u r f a c e
u n t i l  i t  a p p e a re d  f l a t .  C o n v e r s e ly ,  a f t e r  v iew ing  a  m onocu lar  p a r a l l a x  #
■d e p th  s u r f a c e ,  a  n e g a t i v e  a f t e r e f f e c t  was p e r c e iv e d  u s in g  a b i n o c u l a r  4
t e s t  s u r f a c e  and t h i s  c o u ld  be n u l l e d  by i n t r o d u c i n g  b i n o c u l a r  
d i s p a r i t i e s  i n t o  th e  t e s t  s u r f a c e .
From th e  d a t a ,  t h e  s t r e n g t h  o f  th e  a f t e r e f f e c t s  m easured u s in g  
c r o s s - c u e  n u l l i n g  can  be compared w i t h  th o se  o b t a in e d  when th e  same 
s o u r c e  of d e p th  i n f o r m a t io n  was u sed  to  c a n c e l  t h e  a f t e r e f f e c t .  I t  can 
be s e e n  t h a t  t h e  c r o s s - c u e  e f f e c t s  a r e  somewhat s m a l l e r  th a n  t h o s e  4
o b t a i n e d  f o r  sam e-cue n u l l i n g .  For exam ple , f o r  o b s e r v e r  BJR, a  peak 
t o  t ro u g h  d i s p a r i t y  e q u i v a l e n t  to  3 min a r c  was needed  f o r  sam e-cue  
c a n c e l l a t i o n ,  t h a t  i s ,  th e  s t r e n g t h  o f  th e  sam e-cue  e f f e c t s  were a round  
30 p e r  c e n t .  A f t e r  a d a p t in g  to  s t e r e o  d e p th  th e  m onocu lar  a f t e r e f f e c t  
was n u l l e d  by ad d in g  2 min a r c  o f  m otion  p a r a l l a x  d e p th  to  t h e  t e s t  
s u r f a c e ,  w h i l e ,  a f t e r  a d a p t in g  to  p a r a l l a x  d e p th  th e  b i n o c u l a r  1
a f t e r e f f e c t  was n u l l e d  by a d d in g  1 min a r c  b i n o c u l a r  d i s p a r i t y .
A l th o u g h  t h e s e  c r o s s - c u e  e f f e c t  were s m a l l e r ,  i t  s h o u ld  be n o te d  t h a t  
t h e s e  a r e  s t i l l  s i z e a b l e  e f f e c t s ,  b e in g  above 10% o f  th e  d e p th  i n  th e  
a d a p t i n g  s u r f a c e .  T h is  compares f a v o u r a b ly  w i th  t h e  s t r e n g t h s  o f  
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F ig u re  8 .1 0 .
The r e s u l t s  i n  e a c h  o f  th e  seven  e x p e r im e n ta l  c o n d i t i o n s  shown i n  
F ig u re  8 . 9 b ,  a r e  shown f o r  t h e  two o b s e r v e r s .  The d a t a  show th e  peak  t o  
t ro u g h  e q u i v a l e n t  d i s p a r i t y ,  o r  d i s p a r i t y ,  0.n m in . a r c )  t h a t  was needed  
t o  c a n c e l  t h e  d e p th  a f t e r e f f e c t  i n  each  c o n d i t i o n .  The a d a p t in g  c o r r u g a t  
c o n ta in e d  a  peak  to  t ro u g h  d i s p a r i t y  e q u iv a l e n t  t o  10 m in . a r c  i n  a l l  
c o n d i t i o n s .
ion
t h e  o t h e r  o b s e rv e r  a l s o  show t h a t  s m a l l e r  a f t e r e f f e c t s  o c c u r  f o r  th e  
c r o s s - c u e  c o n d i t i o n s .  However, f o r  t h i s  o b s e rv e r  t h e  s t r e n g t h  o f  th e  
sam e-cue  a f t e r e f f e c t  f o r  s t e r e o  i s  r a t h e r  l a r g e  a t  a b o u t  50% and i t  i s  
d i f f i c u l t  to  compare th e  p a t t e r n  o f  r e s u l t s  f o r  th e  two o b s e r v e r s .
To a l lo w  a co m p a r iso n  be tw een  th e  d a t a  f o r  t h e  two
o b s e r v e r s ,  t h e  d a t a  can  be e x p re s s e d  i n  r e l a t i v e  t e r m s ,  so t h a t  t h e  
s t r e n g t h  of th e  c r o s s - c u e  e f f e c t s  a r e  e x p re s s e d  as a  p e rc e n ta g e  of th e  
sam e-cue  e f f e c t s .  F ig u r e  8 .1 1  shows th e  p a t t e r n  o b ta in e d  when th e  d a t a  
a r e  c a l c u l a t e d  i n  t h i s  way. Fo r  t h i s  f i g u r e ,  th e  r a t i o  of th e  p a r a l l a x  
a d a p t / s t e r e o  t e s t  c o n d i t i o n  to  t h e  s t e r e o  a d a p t / s t e r e o  t e s t  c o n d i t i o n  
( P a S t / S a S t )  and th e  r a t i o  o f  th e  s t e r e o  a d a p t / p a r a l l a x  t e s t  to  th e  
p a r a l l a x  a d a p t / p a r a l l a x  t e s t  c o n d i t i o n  ( S a P t / P a P t ) ,  have been  
c a l c u l a t e d .  These r a t i o s  g iv e  a m easure  of th e  r e l a t i v e  e f f e c t i v e n e s s  
o f  c r o s s - c u e  n u l l i n g .  I f  t h e  s t r e n g t h  o f  th e  sam e-cue  e f f e c t s  i s  
a r b i t r a r i l y  a s s ig n e d  a v a lu e  o f  100 p e r  c e n t ,  th e n  th e  e f f e c t i v e n e s s  o f  
c r o s s - c u e  n u l l i n g  can  be e x p r e s s e d  i n  p e rc e n ta g e  te rm s  as  i l l u s t r a t e d  
i n  th e  h i s to g r a m s  o f  F ig u r e  8 .1 1 .  From t h i s  f i g u r e ,  i t  can  be se en  
t h a t ,  f o r  a  m onocu lar  a t e r e f f e c t  which was n u l l e d  u s in g  p a r a l l a x
i n f o r m a t i o n ,  p r i o r  v iew in g  o f  a s t e r e o s c o p i c  c o r r u g a t i o n  was a b o u t  75% 
a s  e f f e c t i v e  as  p r i o r  v iew in g  o f  a  p a r a l l a x  c o r r u g a t i o n .  On th e  o t h e r  
h a n d ,  f o r  p ro d u c in g  a b i n o c u l a r  a f t e r e f f e c t  which was n u l l e d
s t e r e o s c o p i c a l l y , p r i o r  i n s p e c t i o n  o f  a p a r a l l a x  c o r r u g a t i o n  was a b o u t  
33% a s  e f f e c t i v e  a s  p r i o r  v iew in g  o f  a s t e r e o  c o r r u g a t i o n .  The p a t t e r n  
o f  r e s u l t s  f o r  th e  two o b s e r v e r s  a re  s i m i l a r  when th e  d a ta  a r e
e x p re s s e d  i n  t h e s e  te rm s .
iii) Discussion
205
Relative Effectiveness of Cross-cue Adaptation 
can be computed by the ratios
SqF^  _  S te reo -A d ap t P ara llax -T est
% Ft Parallax-Adapt Parallax-Test
___ Parallax-Adapt S te reo -T est
^Sj. S tereo-A dapt S tereo -T est
F ig u r e  8 ,1 1 .
The r e l a t i v e  e f f e c t i v e n e s s  o f  c r o s s - c u e  a d a p t a t i o n  was d e te rm in e d  by 
com puting  t h e  r a t i o s  S a P t /P a ^ t  and P a ^ t /S a S t -  from  th e  d a t a  shown i n  
F ig u re  8 .1 0 .  The p e r c e n ta g e  r e l a t i v e  e f f e c t i v e n e s s  can  be i l l u s t r a t e d  
a s  shown below, w here t h e  s t r e n g t h  o f  th e  same cue e f f e c t s  (S^S^and P ^ P t)  





The results demonstrate that negative depth aftereffects which /;
a r i s e  a f t e r  v iew in g  a p a r a l l a x  o r  s t e r e o s c o p i c  s u r f a c e ,  can  be
c a n c e l l e d  u s in g  d e p th  i n f o r m a t io n  from  th e  o t h e r  s o u rc e  (Graham and 
R o g e r s ,  1 9 8 2 b ) .  T h is  i n d i c a t e s  t h a t  q u a n t i t a t i v e  i n t e r a c t i o n s  can
o c c u r  betw een d e p th  a f t e r e f f e c t s  i n  one d e p th  sys tem  and d e p th  from  th e  
o t h e r  sy s te m . The c r o s s - c u e  d e p th  a f t e r e f f e c t s  found i n  t h e  l a s t  
e x p e r im e n t  co u ld  a l s o  be r e s p o n s i b l e  f o r  t h e  q u a l i t a t i v e  b i a s s i n g
e f f e c t s  d e s c r ib e d  p r e v i o u s l y ,  s i n c e  th e  p re s e n c e  o f  a  n e g a t i v e  
a f t e r e f f e c t  would be l i k e l y  t o  b i a s  t h e  ambiguous p e r c e p t i o n  i n  f a v o u r  
o f  t h e  same p h ase  a s  t h e  a f t e r e f f e c t .  I t  i s  Im p o r ta n t  to  n o te  t h a t  
b o th  t h e  q u a l i t a t i v e  and q u a n t i t a t i v e  i n t e r a c t i o n  e f f e c t s  d e s c r i b e d  i n  
t h i s  c h a p t e r ,  d e m o n s t ra te  n o t  o n ly  t h a t  d e p th  in f o r m a t io n  from  m otion  
p a r a l l a x  and from  s t e r e o p s i s  can  i n t e r a c t  b u t  a l s o  t h a t  i n t e r a c t i o n s  <|
c a n  o c c u r  be tw een  b i n o c u l a r  and m onocu la r  d e p th  p r o c e s s e s .
The q u a n t i t a t i v e  i n t e r a c t i o n s  o b ta in e d  w i th  d e p th  a f t e r e f f e c t s  
a r e  v e ry  d i f f e r e n t  to  th e  i n t e r a c t i o n s  d e s c r ib e d  e a r l i e r  which o c c u r  
when s t e r e o  and p a r a l l a x  i n f o r m a t io n  a r e  p u t  d i r e c t l y  i n t o  c o n f l i c t .
H ere  t h e  i n t e r a c t i o n  seems to  be c h a r a c t e r i s e d  by a " b e s t  f i t "  
c a l c u l a t i o n ,  w here t h e  f i n a l  p e r c e p t i o n  i s  c lo s e  to  t h a t  o f  t h e  r e a l  
s i t u a t i o n  most n e a r l y  s im u la t e d  by th e  i n f o r m a t io n  p r e s e n t e d .  No 
d i r e c t  c a n c e l l a t i o n  o f  d e p th  from  one s o u r c e ,  by d e p th  from th e  o t h e r ,  
o c c u r s  i n  t h i s  s i t u a t i o n .  A lth o u g h  s t e r e o  and p a r a l l a x  n o rm a l ly  a c t  
t o g e t h e r  as s o u rc e s  o f  d e p th  i n f o r m a t i o n ,  when th e y  c o n f l i c t ,  t h e  *Ir e s u l t a n t  d e p th  p e r c e p t  i s  b a sed  on s t e r e o s c o p i c  i n f o r m a t io n .  I n  some *
s e n s e ,  t h e  r e l a t i v e  m o tion  in f o r m a t io n  i s  r e i n t e r p r e t e d  i n  l i g h t  of th e  
s t e r e o  i n f o r m a t io n .  I t  i s  t h e r e f o r e  n e c e s s a r y  to  assume t h a t  th e  
b i n o c u l a r  s t e r e o  sy s te m  can a f f e c t  t h e  m o tio n  p a r a l l a x  sy s tem  a t  a 
s t a g e  where d e p th  from  r e l a t i v e  m o tion  i s  b e in g  com puted. I t  i s  a t
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f i r s t  s i g h t  p o s s i b l e  t h a t  t h e  q u a n t i t a t i v e  i n t e r a c t i o n s  betw een s t e r e o
'Ia f t e r e f f e c t s  and p a r a l l a x  d e p th  m igh t  a l s o  o c c u r  v i a  t h i s  r o u t e .  j
However, t h e  s t e r e o s c o p i c  a f t e r e f f e c t  does n o t  r e s u l t  i n  th e  4 ;
r e i n t e r p r e t a t i o n  o f  p a r a l l a x  i n f o r m a t i o n ,  which o n ly  o c c u rs  when 
s t e r e o s c o p i c  i n f o r m a t io n  i s  d i r e c t l y  a v a i l a b l e .  S in c e  th e  s t e r e o  
a f t e r e f f e c t  p resu m ab ly  r e f l e c t s  r e s i d u a l  a c t i v i t y  w i t h i n  t h e  s t e r e o  
sy s te m  f o l lo w in g  a d a p t a t i o n ,  i t  i s  n o t  c l e a r  why i t  s h o u ld  a c t  
d i f f e r e n t l y  from  d i r e c t  s t e r e o s c o p i c  i n f o r m a t io n .  I t  seems more l i k e l y  
t h a t  t h e  q u a n t i t a t i v e  i n t e r a c t i o n s  be tw een  th e  two d e p th  sys tem s  o c c u r  
a t  a  d i f f e r e n t  l e v e l  from  t h a t  where d i r e c t  s t e r e o  i n f o r m a t io n  If
i n f l u e n c e s  th e  i n t e r p r e t a t i o n  of p a r a l l a x  i n f o r m a t io n .  |
A b a s i c  s im p le  model o f  s t e r e o - p a r a l l a x  i n t e r a c t i o n s  would 
t h e r e f o r e  c o n t a i n  two l e v e l s  where i n f o r m a t io n  from  th e  one d e p th  
s o u r c e  c o u ld  i n f l u e n c e  th e  o t h e r .  Such a  model i s  i l l u s t r a t e d  i n
F i g u r e  8 .1 2 .  The s t e r e o s c o p i c  sy s tem  i s  assumed to  a f f e c t  th e  p a r a l l a x  
sy s te m  a t  an  e a r l y  s t a g e  t o  a l lo w  t h e  r e l a t i v e  m otion  t o  be i n t e r p r e t e d  
i n  l i g h t  o f  i n f o r m a t io n  from  b i n o c u l a r  d i s p a r i t y .  At t h i s  l e v e l  t h e  
i n t e r a c t i o n  i s  .assumed n o t  to  be o f  a  q u a n t i t a t i v e  n a t u r e .  I n
a d d i t i o n ,  i n f o r m a t io n  from  th e  b i n o c u l a r  s t e r e o s c o p i c  and m onocu la r  S
p a r a l l a x  d e p th  sy s tem s  a r e  assumed to  combine t o g e t h e r  q u a n t i t a t i v e l y
a t  a  h i g h e r  l e v e l .
From th e  o b s e r v a t i o n s  of  s u c c e s s i v e  and s im u l ta n e o u s  c o n t r a s t  
e f f e c t s  d e s c r i b e d  i n  e a r l i e r  c h a p t e r s ,  i t  was s u g g e s te d  t h a t
a f t e r e f f e c t s  a r i s e  from  th e  a d a p t a t i o n  of  d e p th  p r o c e s s in g  u n i t s  w i t h i n  
t h e  s t e r e o  and p a r a l l a x  sy s tem s  w hich  p r o c e s s  t h e  change i n  d e p th  o v e r  
l o c a l  a r e a s  o f  s p a c e .  I n  t h e  p r e s e n t  m odel,  i t  i s  assumed t h a t  j
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adaptation affects such mechanisms within the individual depth systems.
I t  i s  however a l s o  p o s s i b l e  t h a t  t h e r e  a r e  a l s o  a d a p ta b le  mechanisms a t  
t h e  h i g h e r  l e v e l  where d e p th  i n f o r m a t io n  i s  combined. T h is  p o s s i b i l i t y  
seems a t  l e a s t  p l a u s i b l e  by t h e  f o l l o w in g  a rgum en t.  The f i n d i n g  t h a t  
t h e  s t e r e o  a f t e r e f f e c t  does  n o t  l e a d  to  a  r e i n t e r p r e t a t i o n  o f  th e  
p a r a l l a x  i n f o r m a t io n  and t h e r e f o r e  a c t s  d i f f e r e n t l y  from d i r e c t
s t e r e o s c o p i c  i n f o r m a t i o n ,  i n d i c a t e s  t h a t  th e  r o u t e  whereby s t e r e o
i n f o r m a t i o n  i n f l u e n c e s  t h e  p a r a l l a x  system  a t  an  e a r l y  s t a g e  o f  
p r o c e s s in g  i s  i n o p e r a t i v e  i n  th e  c a se  of th e  a f t e r e f f e c t .  T h is  may be %
b e c a u s e  t h e r e  i s  no b i n o c u l a r  i n p u t  i n  th e  t e s t  p e r i o d  when p a r a l l a x  i s
u se d  to  n u l l  th e  a f t e r e f f e c t .  I f  i t  i s  assumed t h a t  th e  b i n o c u l a r  
sy s te m  i s  n o t  m o n ito re d  a t  a l l  when t h e r e  i s  a  m onocu la r  i n p u t ,  t h e n  i t  3
i s  n e c e s s a r y  to  suppose  t h a t  a d a p t a t i o n  to  s t e r e o s c o p i c  d e p th  a d a p ts  
u n i t s  a t  t h e  l e v e l  of  d e p th  c o m b in a t io n  as  w e l l  a s  w i t h i n  th e  s t e r e o  
sy s te m . O th e rw ise  no m onocu la r  a f t e r e f f e c t  would be o b se rv e d  f o l lo w in g  
s t e r e o s c o p i c  a d a p t a t i o n  and no c r o s s - c u e  n u l l i n g  c o u ld  o c c u r .  The 
a l t e r n a t i v e  p o s s i b i l t y  i s  t h a t  a c t i v i t y  w i t h in  th e  s t e r e o  sys tem  i s  n o t  
ig n o re d  d u r in g  m onocu la r  i n p u t  and s o ,  fo l lo w in g  a d a p t a t i o n ,  i t  can  
a f f e c t  d e p th  c o m b in a t io n  even  though i t  does n o t  d i r e c t l y  i n f l u e n c e  
p a r a l l a x  p r o c e s s i n g .  I t  i s ,  how ever ,  d i f f i c u l t  t o  se e  why t h i s  s h o u ld  
be  t h e  c a s e .
U sing  th e  s im p le  model shown i n  F ig u re  8 .1 2  and assum ing t h a t  i n  
t h e  a b se n c e  o f  b i n o c u l a r  i n p u t  any a c t i v i t y  w i t h i n  t h e  s t e r e o  sy s tem  i s  
i g n o r e d ,  th e  o b se rv e d  s t e r e o / p a r a l l a x  i n t e r a c t i o n s  can  be a c c o u n te d  f o r  
i n  t h e  fo l lo w in g  way. When a  d e p th  a f t e r e f f e c t  i s  n u l l e d  u s in g  d e p th  
from  th e  same s o u r c e ,  th e n  u n i t s  a r e  a d a p te d  w i t h i n  b o th  t h e  i n d i v i d u a l  
d e p th  sy s tem s  and a t  th e  h i g h e r  l e v e l  o f  d e p th  c o m b in a t io n .  The 














F ig u re  8 .1 2 .
A s im p le  m odel o f  s t e r e o - p a r a l l a x  i n t e r a c t i o n s  b a sed  on th e  i n t e r a c t i o n  
e f f e c t s  d e s c r i b e d  i n  t h i s  c h a p t e r .  The s t e r e o  and p a r a l l a x  d e p th  sy s te m s  
i n t e r a c t  a t  l e a s t  a t  two l e v e l s .  The s t e r e o  sy s te m  a f f e c t s  t h e  p a r a l l a x  
sy s tem  q u a l i t a t i v e l y  a t  an  e a r l y  s t a g e  where t h e  r e l a t i v e  m o tion  
i n f o r m a t io n  i s  i n t e r p r e t e d  i n  l i g h t  o f  i n f o r m a t io n  from  b i n o c u l a r  
d i s p a r i t y .  I n  a d d i t i o n ,  i n f o r m a t i o n  from th e  two sys tem s  combines 
t o g e t h e r  q u a n t i t a t i v e l y  a t  a  h i g h e r  l e v e l .
I
"«I
when th e  a f t e r e f f e c t  i s  n u l l e d  u s in g  d e p th  from th e  o t h e r  s o u r c e ,  o n ly  
t h e  a d a p te d  u n i t s  a t  t h e  h i g h e r  l e v e l ,  where d e p th  i n f o r m a t io n  from  t h e  
two s o u r c e s  i s  com bined , w i l l  a f f e c t  th e  p e r c e p t .  H ence , a s  o b s e rv e d  S
i n  th e  l a s t  e x p e r im e n t ,  c r o s s - c u e  a f t e r e f f e c t s  would be e x p e c te d  to  be 
s m a l l e r  th a n  sam e-cue  e f f e c t s .  A l t e r n a t i v e l y ,  i t  may be t h e  c a s e  t h a t  
t h e  a c t i v i t y  w i t h i n  t h e  s t e r e o  sy s tem  i s  n o t  t o t a l l y  ig n o r e d  d u r in g  
m onocu lar  i n p u t ,  b u t  t h a t  th e  s t e r e o  i n p u t  to  th e  p a r a l l a x  sy s tem
becomes i n o p e r a t i v e  f o r  some o t h e r  r e a s o n .  I n  t h i s  c a se  i t  would n o t
be n e c e s s a r y  t o  p o s t u l a t e  a d a p ta b l e  u n i t s  a t  t h e  l e v e l  o f  d e p th
c o m b in a t io n .  A q u a n t i t a t i v e  i n t e r a c t i o n  a t  t h i s  l e v e l ,  b e tw een  th e  
a c t i v i t y  i n  t h e  s t i m u l a t e d  c h a n n e l  and th e  r e s i d u a l  a c t i v i t y  i n  t h e  
a d a p te d  sy s te m , would th e n  be s u f f i c i e n t  to  e x p la i n  t h e  c r o s s - c u e  
a f t e r e f f e c t s .
I n  c o n c l u s i o n ,  t h e  e x p e r im e n ts  r e p o r t e d  i n  t h i s  c h a p t e r  which 
d e s c r i b e  v a r i o u s  i n t e r a c t i o n  e f f e c t s  betw een th e  m o tion  p a r a l l a x  and 
s t e r e o s c o p i c  d e p th  p r o c e s s in g  sy s te m s ,  have d e m o n s t ra te d  t h a t  
i n t e r a c t i o n  e f f e c t s  of  two ty p e s  a r e  o b se rv e d  and th e  d a t a  . a r e
c o m p a t ib le  w i th  a  model w hich assum es t h a t  d e p th  i n f o r m a t io n  from  th e  
two s o u rc e s  i s  combined i n  a  q u a n t i t a t i v e  way a t  a  h i g h e r  l e v e l .  I t  i s  
p o s s i b l e  t h a t  a d a p ta b l e  d e p th  p r o c e s s in g  u n i t s  e x i s t  a t  t h i s  l e v e l  as  
w e l l  a s  w i t h i n  t h e  s e p a r a t e  p a r a l l a x  and s t e r e o  p r o c e s s in g  s y s te m s .  4
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Chapter 9 The Processing of Depth from Motion Parallax
-Summary and Conclusions
The f i r s t  p a r t  o f  t h i s  t h e s i s  p ro v id e d  a  t h e o r e t i c a l  and 
h i s t o r i c a l  background  to  th e  r e s e a r c h  t h a t  had been c a r r i e d  o u t  on th e  
p e r c e p t i o n  of d e p th  and d i s t a n c e  from m o tio n  p a r a l l a x  i n f o r m a t io n .  I t  
was p o in te d  o u t  t h a t  a l t h o u g h  p a r a l l a x  had been  r e c o g n is e d  a s  an 
im p o r ta n t  so u rc e  o f  d e p th  i n f o r m a t i o n ,  a t  l e a s t  s in c e  th e  t im e  o f  
H e lm h o l tz ,  t h e r e  had been  r e l a t i v e l y  l i t t l e  e m p i r i c a l  i n v e s t i g a t i o n  o f  
th e  c h a r a c t e r i s t i c s  of  m o tio n  p a r a l l a x  p r o c e s s i n g .  More r e c e n t l y  t h e r e  
had been  an i n c r e a s e d  em phasis  on dynamic s o u rc e s  of i n f o r m a t io n ,  
f o l lo w in g  th e  work o f  J J  G ibson  (1950; 1 9 6 6 ) .  T h is  had g e n e r a te d  a  
renewed i n t e r e s t  i n  t h e  d e p th  cue  o f  m otion  p a r a l l a x ,  which i s  one 
example of th e  m otion  p e r s p e c t i v e ,  o r  o p t i c  f lo w ,  which accom pan ies  
se lf -m ovem en t i n  th e  e n v iro n m e n t .  However, th e  e m p i r i c a l  s t u d i e s  w hich 
a r o s e  from t h i s  a p p ro a c h  f a i l e d  to  p r o v id e  c l e a r  e v id e n c e  t h a t  m o tio n  
p a r a l l a x  c o u ld  a c t  as  an  e f f e c t i v e  cue  to  d e p th  and d i s t a n c e .
A r i s i n g  o u t  o f  th e  i n t e r e s t  i n  t h e  g e n e r a l  p r o p e r t i e s  o f  m o tio n  
p e r s p e c t i v e ,  o r  o p t i c  f lo w ,  s e v e r a l  m a th e m a t ic a l  a n a ly s e s  have been  
d ev e lo p ed  which s p e c i f y  th e  n a tu r e  o f  t h e  o p t i c  f lo w  accom panying 
o b s e r v e r  m otion  and th e  p o t e n t i a l  i n f o r m a t io n  a v a i l a b l e  to  a  moving 
p e r c e i v e r  (G ibson  e t  a l . ,  1955; Nakayama and Loom is, 1974). I n  l i n e  
w i th  t h e  i n c r e a s i n g  i n f l u e n c e  o f  c o m p u ta t io n a l  ap p ro ach es  to  v i s u a l  
p e r c e p t i o n ,  t h e s e  a n a ly s e s  have r e c e n t l y  been  deve loped  i n t o  
c o m p u ta t io n a l  m odels  o f  o p t i c  f low  p r o c e s s i n g .  S e v e ra l  models a r e  now 
a v a i l a b l e  which d e s c r i b e  th e  i n f o r m a t io n  a v a i l a b l e  to  th e  p e r c e i v e r  and 
show how th e  r e l e v a n t  i n f o r m a t io n  c o u ld ,  i n  p r i n c i p l e ,  be computed 
(K oenderink  and ven D o o m , 1976; L o n g u e t -H ig g in s  and P ra zd n y ,  1 9 8 0 ) .
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M oreover w ork ing  com puter  a lg o r i th m s  have been s u c c e s s f u l l y  im plem ented g
i n  some c a s e s .  The deve lopm ent o f  c o m p u ta t io n a l  m odels has  p ro v id e d  a 
r i g o r o u s  d e m o n s t r a t io n  o f  t h e  p o t e n t i a l  r i c h n e s s  o f  t h e  i n f o r m a t io n  
from  o p t i c  f lo w .  T h is  in f o r m a t io n  can  be u s e d ,  on t h e  one h a n d ,  to
d e te r m in e  th e  p a ra m e te r s  of a p e r c e i v e r ' s  own m o tion  i n  th e  ^
e n v iro n m e n t ,  and on th e  o t h e r ,  to  d e te rm in e  t h e  t h r e e - d i m e n s i o n a l  4l
l a y o u t  and s t r u c t u r e  o f  o b j e c t s  i n  t h a t  e n v iro n m en t .  \
D e s p i t e  t h e  t h e o r e t i c a l  a n a ly s e s  o f  o p t i c  f lo w  w hich d e m o n s t ra te  
i t s  p o t e n t i a l  a s  a  p o w e r fu l  s o u rc e  o f  d e p th  i n f o r m a t i o n ,  i t  was p o in te d  
o u t  t h a t  e m p i r i c a l  s t u d i e s ,  which t r i e d  t o  d e te rm in e  w h e th e r  such 
in f o r m a t io n  was a c t u a l l y  used  by p e r c e i v e r s ,  had o n ly  produced  
e q u iv o c a l  e v id e n c e .  R ecen t work, which has  found more p o s i t i v e  
r e s u l t s ,  h a s  m a in ly  been  concerned  w i th  how i n f o r m a t io n  from o p t i c  f low  
c an  be used  to  c o n t r o l  lo co m o tio n  i n  t h e  e n v ironm en t r a t h e r  th a n  on how 
t h e  t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  t h a t  en v iro n m en t m ig h t  be p e rc e iv e d  
( L e e ,  1 9 8 0 ) .  The m a jo r  p a r t  of t h i s  t h e s i s  was t h e r e f o r e  con cern ed  
w i th  t h e  e m p i r i c a l  s tu d y  of m otion  p a r a l l a x  a s  a  d e p th  c u e .  In  
a d d i t i o n ,  t h i s  s tu d y  complements th e  t h e o r e t i c a l  m odels  w hich have  
r e c e n t l y  been  d e v e lo p e d .
9 ,1  Summary o f  e x p e r im e n ta l  r e s u l t s .
i )  M otion  p a r a l l a x  as  an e f f e c t i v e  cue
The deve lopm en t of a  random d o t  t e c h n iq u e  ( d e s c r ib e d  i n  c h a p te r  
3 ) ,  a l lo w e d  th e  p a r a l l a x  in f o r m a t io n  p ro v id e d  by t h r e e - d i m e n s i o n a l  
s u r f a c e s  of a r b i t r a r y  sh a p es  to  be s im u la te d  (R ogers  and Graham, 1979 ) .  
By u s in g  t h i s  t e c h n i q u e ,  p a r a l l a x  i n f o r m a t io n  was p r o v id e d  i n  i s o l a t i o n  
from  a l l  o t h e r  s o u r c e s  o f  d ep th  i n f o r m a t io n ,  y e t  t h e  s t im u lu s  was r i c h
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enough and f l e x i b l e  enough f o r  a  d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  â
p a r a m e te r s  o f  t h e  p a r a l l a x  p r o c e s s in g  system .
I n  t h e  s t i m u lu s  d i s p l a y ,  t h e  o b s e rv e r  viewed a tw o -d im e n s io n a l  
random d o t  p a t t e r n  w h i le  moving from  s i d e  to  s id e  on a c h i n r e s t .  The |
rows of d o t s  w i t h i n  th e  p a t t e r n  moved r e l a t i v e l y  to  each  o th e r  and th e  
e x t e n t  of t h i s  r e l a t i v e  movement was d e te rm in e d  by th e  movement o f  t h e  
o b s e r v e r  from s id e  t o  s i d e .  The p a t t e r n  o f  r e l a t i v e  movement s im u la te d  
t h a t  which would have  been  p r o v id e d  by a r e a l  t h r e e - d i m e n s i o n a l  s u r f a c e
a s  t h e  o b s e r v e r  moved l a t e r a l l y  w h i le  v iew ing  t h a t  s u r f a c e . i|
A l t e r n a t i v e l y ,  i n  t h e  p a s s i v e  p a r a l l a x  d i s p l a y ,  th e  o b s e r v e r  rem ained  i!
s t a t i o n a r y  and t h e  o s c i l l o s c o p e  moved l a t e r a l l y  a c r o s s  th e  l i n e  o f  j
s i g h t .  I n  t h i s  c a s e  t h e  r e l a t i v e  movement w i t h in  th e  p a t t e r n  was 
d e p e n d en t  on th e  l a t e r a l  movement o f  th e  scope  and th e  s i t u a t i o n  '
s im u la t e d  t h a t  o f  a  t h r e e - d i m e n s i o n a l  o b j e c t  t r a n s l a t i n g  a c r o s s  t h e  
l i n e  of  s i g h t .  When o b s e r v e r s  v iew ed th e  t r a n s fo r m in g  tw o -d im e n s io n a l  
p a t t e r n  a  s o l i d  t h r e e - d i m e n s i o n a l  s u r f a c e  t r a n s l a t i n g  a c r o s s  th e  l i n e  
o f  s i g h t ,  was i n  f a c t  p e r c e i v e d .  The phenomenal im p r e s s io n  of t h e  -j,
p e r c e iv e d  s u r f a c e  was r e p o r t e d  to  be s i m i l a r  t o  t h a t  o b ta in e d  when 
v ie w in g  a random d o t  s t e r e o g r a m ,  where th e  d e p th  i s  s p e c i f i e d  by 
b i n o c u l a r  d i s p a r i t i e s .  The d e p th  i n  t h e  p e rc e iv e d  s u r f a c e  was w e l l -  
d e f in e d  and s t a b l e .  The p h y s i c a l  r e l a t i v e  m otion  w i t h i n  th e  d o t  
p a t t e r n  was n o t  p e r c e iv e d .  S im u la te d  s u r f a c e s  of  d i f f e r e n t  sh a p es  
c o u ld  r e a d i l y  be d i s t i n g u i s h e d  and m oreover, th e  f r o n t - b a c k  d e p th  *
r e l a t i o n s h i p s  w i t h i n  t h e  s u r f a c e  w ere  a lways p e rc e iv e d  c o r r e c t l y .  The %
d e p th  e f f e c t  was n o t  ambiguous a s  found in  some e a r l i e r  s t u d i e s  (and  
a l s o  i n  t h e  K i n e t i c  D epth  E f f e c t ) ,  where d ep th  r e v e r s a l s  have been  
found  to  o c c u r .  T h is  l a c k  o f  a m b ig u i ty  depended on t h e  l i n k  be tw een  
t h e  r e l a t i v e  m o tion  w i t h i n  t h e  p a t t e r n  and th e  l a t e r a l  movement o f  t h e  |
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observer In the active parallax situation, or the lateral movement of
• J .t h e  o s c i l l o s c o p e  i n  th e  p a s s i v e  p a r a l l a x  s i t u a t i o n .
I t  was a l s o  p o s s i b l e  t o  m atch  th e  d e p th  p e rc e iv e d  w i t h i n  a 
p a r a l l a x  d e p th  s u r f a c e  w i th  t h a t  i n  a s t e r e o s c o p i c  s u r f a c e  o f  t h e  same 
s h a p e .  U sing  t h i s  method i t  was found  t h a t  th e  p e r c e iv e d  d e p th  i n  t h e  
p a r a l l a x  s u r f a c e  was r e l a t e d  m o n o to n ic a l ly  to  t h e  a m p l i tu d e  o f  t h e  
r e l a t i v e  movement t h a t  was p r e s e n t  ( f o r  a g iv e n  e x t e n t  o f  head 
movement) i n  t h e  random d o t  p a t t e r n .
i i )  S e n s i t i v i t y  to  m o tio n  p a r a l l a x  in f o r m a t io n
As an  i n i t i a l  c h a r a c t e r i s a t i o n  o f  t h e  p a r a l l a x  p r o c e s s in g  sy s te m , 
t h e  s e n s i t i v i t y  of th e  sy s tem  to  s m a l l  d e p th  m o d u la t io n s  was m easured  
a s  a  f u n c t i o n  o f  th e  a r e a  o v e r  w hich  th e  m o d u la t io n  o c c u r r e d ,  i . e .  th e  
s p a t i a l  f r e q u e n c y  o f  th e  d e p th  m o d u la t io n  (R ogers  and Graham, 1 9 8 2 ) .
I t  was found t h a t  t h e  v i s u a l  sy s te m  was v e ry  s e n s i t i v e  to  s m a l l
r e l a t i v e  d i s p la c e m e n ts  be tw een  p a r t s  o f  t h e  random d o t  p a t t e r n .  At 
maximum s e n s i t i v i t y ,  a  peak  to  t r o u g h  r e l a t i v e  d i s p la c e m e n t  o f  o n ly  6 
s e c  a r c  f o r  each  cm of head  movement was r e q u i r e d  to  p e r c e iv e  a  d e p th  
c o r r u g a t i o n  w here t h e  peak  and th e  t ro u g h  o f  t h e  c o r r u g a t i o n  were 2 -4  
d e g re e s  o f  v i s u a l  a n g le  a p a r t .  T h is  s e n s i t i v i t y  c o r r e s p o n d s  to  b e in g  
a b l e  to  d e t e c t  a  d e p th  c o r r u g a t i o n  where th e  d i f f e r e n c e  i n  d e p th
be tw een  th e  peak  and th e  t ro u g h  o f  th e  c o r r u g a t i o n  i s  o n ly  1mm, from  a
v iew in g  d i s t a n c e  of 57cms. M otion  p a r a l l a x  can t h e r e f o r e  be used  to  
p i c k  up s m a l l  d e p th  changes  w i t h i n  t h r e e - d i m e n s i o n a l  s u r f a c e s  and so 
p r o v id e  d e t a i l e d  in f o r m a t io n  a b o u t  t h e i r  s t r u c t u r e .




i n f o r m a t io n  o c c u r r e d  was, how ever, l i m i t e d .  There  was an o p t im a l  r a n g e  
o f  s p a t i a l  f r e q u e n c i e s  (from  a b o u t  0 .2  to  0 .4  c y c le s  p e r  d e g r e e )  f o r  
d e t e c t i n g  s i n u s o i d a l  d e p th  c o r r u g a t i o n s .  For c o r r u g a te d  d e p th  s u r f a c e s  
w i t h  a  s p a t i a l  f r e q u e n c y  o u t s i d e  t h i s  o p t im a l  r a n g e ,  s e n s i t i v i t y  ^
d e c l i n e d  s u b s t a n t i a l l y .  The o p t im a l  s p a t i a l  f re q u e n c y  f o r  d e t e c t i n g  
d e p th  m o d u la t io n  i s  v e ry  low compared w i th  t h a t  m easured f o r  d e t e c t i n g  
lu m in an c e  m o d u la t io n  o v e r  s p a c e .  T h is  s u g g e s t s  t h a t  th e  v i s u a l  sy s tem  
i s  tuned  t o  r e s p o n d  w e l l  to  lum inance  p r o f i l e s  which change  r a p i d l y  
o v e r  s p a c e ,  b u t  r e sp o n d s  b e s t  to  r e l a t i v e l y  g r a d u a l  changes  i n  d e p th .
S e n s i t i v i t y  f u n c t i o n s  w ere  a l s o  m easured f o r  c o r r u g a t e d  d e p th  
s u r f a c e s  w here  t h e  d e p th  was s p e c i f i e d  s t e r e o s c o p i c a l l y  r a t h e r  t h a n  by 
r e l a t i v e  m o t io n .  T here  was a  v e ry  c lo s e  s i m i l a r i t y  be tw een  th e  
s e n s i t i v i t y  f u n c t i o n s  m easured  f o r  d e p th  s u r f a c e s  s p e c i f i e d  by th e  two 
d i f f e r e n t  c u e s .  For s t e r e o  s u r f a c e s ,  peak s e n s i t i v i t y  a l s o  o c c u r r e d  
b e tw een  0 .2  and 0 .4  c y c le s  p e r  d e g re e  and s e n s i t i v i t y  d e c re a s e d  above 
and be low  t h i s  r a n g e .  In  te rm s  o f  th e  maximimum s e n s i t i v i t y  to  d e p th  
m o d u la t i o n s ,  s t e r e o  t h r e s h o l d s  ten d e d  to  be s l i g h t l y  low er  th a n
p a r a l l a x  t h r e s h o l d s , up to  a b o u t  a f a c t o r  o f  two f o r  some o b s e r v e r s . j
0The t h r e s h o l d s  o b t a i n e d  f o r  d e t e c t i n g  s t e r e o  d e p th  m o d u la t io n  compared 
w e l l  w i th  t h o s e  found i n  p r e v io u s  s t u d i e s  and c o r r e s p o n d e d  to  b e in g  
a b l e  to  p e r c e i v e  a d e p th  c o r r u g a t i o n  w i th  a peak to  t ro u g h  d e p th  
d i f f e r e n c e  o f  o n ly  20 s e c  a r c  ( o r  a b o u t  0.5mm a t  a  d i s t a n c e  o f  57cm s).
The s t r i k i n g  f e a t u r e  of t h e  s e n s i t i v i t y  d a t a  was t h e  c lo s e  
s i m i l a r i t y  be tw een  th e  f u n c t i o n s  f o r  s t e r e o s c o p i c  and p a r a l l a x  d e p th .
The o p t im a l  a r e a  f o r  d e t e c t i n g  d e p th  change was th e  same w h e th e r  th e  
d e p th  was s p e c i f i e d  by d i s p a r i t i e s  o r  by r e l a t i v e  m ovem ent.. S in c e  th e  
t a s k  f a c i n g  t h e  v i s u a l  sys tem  i s  f u n c t i o n a l l y  s i m i l a r  f o r  s t e r e o s c o p i c
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and p a r a l l a x  d e p th ,  th e  o b se rv e d  e m p i r ic a l  s i m i l a r i t y  may r e f l e c t  t h i s  
f u n c t i o n a l  s i m i l a r i t y .  I t  i s  p o s s ib l e ,  t h e r e f o r e ,  t h a t  b o th  d e p th  
p r o c e s s in g  m echanism s s h a re  s im i l a r  p r o p e r t i e s  w hich g iv e  r i s e  to  th e  
o b se rv e d  f u n c t io n s .
i i i )  D epth a f t e r e f f e c t s
To f u r t h e r  i n v e s t i g a t e  th e  n a tu r e  o f th e  m echanism s in v o lv e d  i n  
p r o c e s s in g  d e p th  in f o r m a t io n ,  s u p r a - th r e s h o ld  c o n t r a s t  e f f e c t s  i n  th e  
d e p th  domain w ere m easu red  (Graham and R o g e rs , 1 9 8 2 a ). A s t r i k i n g  
exam ple o c c u rre d  a f t e r  p ro lo n g e d  v iew in g  o f a  c o r ru g a te d  d e p th  
s u r f a c e .  A s u b s e q u e n tly  v iew e d , p h y s ic a l ly  f l a t  t e s t  s u r f a c e  a p p e a re d  
to  be c o r ru g a te d  i n  d e p th  w ith  th e  o p p o s i te  phase  to  t h a t  o f  th e  
i n s p e c t io n  s u r f a c e .  T h is  n e g a t iv e  d e p th  a f t e r e f f e c t  was found to  o c c u r  
f o r  d e p th  s u r f a c e s  s p e c i f i e d  b o th  by s te r e o s c o p ic  in fo rm a t io n  and by 
m o tio n  p a r a l l a x .  A n u l l i n g  te c h n iq u e  was u sed  to  d e te rm in e  th e  
s t r e n g th  o f th e  a f t e r e f f e c t .  The amount o f p h y s ic a l  d e p th  c o r r u g a t io n  
t h a t  had to  be added  in  to  th e  t e s t  s u r f a c e  to  c a n c e l  th e  p e rc e iv e d  
a f t e r e f f e c t  was m ea su red . At th e  n u l l  p o in t  th e  a p p a re n t  c o r r u g a t io n  
o f th e  a f t e r e f f e c t  was c a n c e l le d  and th e  s u r f a c e  a p p eared  to  be f l a t .  ^
The d e p th  a f t e r e f f e c t s  w ere found  to  be v e ry  l a r g e  r e a c h in g  a s t r e n g t h  
o f  70 p e r  c e n t ,  t h a t  i s ,  70% o f  th e  d e p th  i n  th e  a d a p tin g  c o r r u g a t io n  |
had to  be added in  to  th e  t e s t  s u r f a c e  to  c a n c e l  th e  a f t e r e f f e c t .
A d e p th  a f t e r e f f e c t  fo llo w in g  in s p e c t io n  o f m otion  p a r a l l a x  d e p th  
had  n o t  been p r e v io u s ly  r e p o r te d  a n d , i t  was a rg u ed  t h a t ,  th e  p re s e n c e  *
o f  su ch  an a f t e r e f f e c t  d e m o n s tra te d  th e  e x is t e n c e  o f a d a p t iv e  4
m echanism s w i th in  th e  v i s u a l  sy s te m , w hich a r e  s e n s i t i v e  to  r e l a t i v e  $
‘tm o tio n . I t  was a ls o  a rg u e d  t h a t  th e  s i t e  o f a d a p ta t io n  m ust be beyond »
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th e  s i t e  o f b a s ic  movement p r o c e s s in g  a t  a  l e v e l  w here th e  m o tion  
in f o r m a t io n  has  been  d isa m b ig u a te d . I t  was s u g g e s te d  t h a t  th e  b e s t
e x p la n a t io n  o f th e  n e g a t iv e  a f t e r e f f e c t  was t h a t  i t  was due to  th e  s
'Ia d a p ta t i o n  o f m echanism s w hich e x t r a c t e d  th e  change i n  d e p th  o v e r sp a ce  >?
J
r a t h e r  th a n  th e  d e p th  a t  i n d iv id u a l  p o i n t s .  The s i m i l a r i t y  be tw een  
a f t e r e f f e c t s  fo l lo w in g  in s p e c t io n  o f s te r e o s c o p ic  s u r f a c e  and th o se  
f o l lo w in g  in s p e c t io n  o f p a r a l l a x  s u r f a c e s ,  s u g g e s te d  t h a t  s t e r e o
‘4
a f t e r e f f e c t s  m ig h t a l s o  a r i s e  from  th e  a d a p ta t io n  o f m echanism s g
d e s ig n e d  to  d e t e c t  r e l a t i v e  d i s p a r i t y ,  o r  change i n  d i s p a r i t y  o v e r  ÿ
s p a c e .  T h is  i s  i n  c o n t r a s t  to  th e  e x p la n a t io n  g e n e r a l ly  advanced  to  
e x p la in  s t e r e o s c o p ic  a f t e r e f f e c t s ,  w hich a t t i b u t e s  them to  th e
a d a p ta t i o n  o f m echanism s w hich e x t r a c t  th e  d i s p a r i t i e s  o f i n d iv i d u a l  
p o i n t s  i n  th e  im age.
I
The n e g a t iv e  d e p th  a f t e r e f f e c t s  o b ta in e d  a f t e r  v iew in g  p a r a l l a x  o r  îg
s t e r e o s c o p ic  s u r f a c e s  w ere p h a s e - s p e c i f i c  s in c e  th e y  depended  on s te a d y  
f i x a t i o n ,  so t h a t  each  a r e a  o f th e  r e t i n a  was s t im u la te d  by th e  same 
d e p th  v a lu e  th ro u g h o u t th e  a d a p ta t io n  p e r io d .  I t  had been  r e p o r te d  
t h a t ,  f o r  s t e r e o s c o p ic  s u r f a c e s ,  a  p h a s e - in d e p e n d e n t  th r e s h o ld  ^
e l e v a t i o n  e f f e c t  o c c u r r e d , w here th e  th r e s h o ld  f o r  d e te c t i n g  a  d e p th  
c o r r u g a t io n  was e le v a te d  fo l lo w in g  a d a p ta t io n  w ith  f r e e  f i x a t i o n  
(Schum er and G anz, 1 9 7 9 ). H ow ever, th e  e x p e rim e n ts  r e p o r te d  h e re  
f a i l e d  to  f in d  any e v id e n c e  f o r  p h a s e - in d e p e n d e n t t h r e s h o ld  e le v a t io n  
i n  th e  p a r a l l a x  dom ain , u s in g  th e  p r e s e n t  m ethods and s t i m u l i .  T h is  |
s u g g e s ts  t h a t  th e  a d a p t iv e  m echanism s o p e ra te  o v e r  f ix e d  r e t i n a l  a r e a s  I
and a r e  n o t o rg a n is e d  i n to  p h a s e - in d e p e n d e n t c h a n n e ls .
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i v )  S im u lta n e o u s  d e p th  c o n t r a s t
The n a tu r e  o f th e  s p a t i a l  c h a r a c t e r i s t i c s  o f  th e  m echanism s 
u n d e r ly in g  d e p th  p r o c e s s in g  was f u r t h e r  e lu c id a te d  by, lo o k in g  a t  
s im u lta n e o u s  d e p th  c o n t r a s t  e f f e c t s ,  w here th e  p e rc e iv e d  d e p th  o f any 
p a r t i c u l a r  p a r t  o f  a s u r f a c e  was found to  depend on th e  d e p th  
c h a r a c t e r i s t i c s  o f  th e  s u r ro u n d in g  a r e a .  A nalogous d e p th  c o n t r a s t  
e f f e c t s  w ere found  f o r  s u r f a c e s  s p e c i f i e d  by p a r a l l a x  d e p th  in fo rm a t io n  
and f o r  s t e r e o s c o p ic  s u r f a c e s  (Graham and R o g e rs , 1 9 8 2 a ). S e v e ra l  
exam ples o f  s im u lta n e o u s  d e p th  c o n t r a s t  w ere d i s c u s s e d .  A s tr o n g  
exam ple was found  when o b s e rv in g  a  d e p th  s u r f a c e  w hich  c o n ta in e d  a 
c e n t r e  v e r t i c a l  b a r  su rro u n d e d  by an  in c l in e d  p la n e .  On v iew in g  t h i s  
s u r f a c e ,  th e  c e n t r e  b a r  a p p e a re d  to  be s lo p in g  in  d e p th  and th e  
d i r e c t i o n  o f  th e  s lo p e  was o p p o s i te  to  th e  d i r e c t i o n  o f th e  s lo p e  o f 
th e  in d u c in g  s u r ro u n d . T h is , e f f e c t  was m easured  u s in g  a  n u l l i n g  
te c h n iq u e  w here th e  p e rc e iv e d  s lo p e  o f th e  c e n tr e  b a r  was c a n c e l le d ,  by 
a d d in g  i n  a  p h y s ic a l  s lo p e  i n  th e  o p p o s i te  d i r e c t i o n ,  u n t i l  i t  a p p e a re d  
to  l i e  in  th e  v e r t i c a l  p la n e .  The s t r e n g th  o f th e  c o n t r a s t  e f f e c t  was 
found  to  be a round  40%, t h a t  i s ,  a  s lo p e  e q u iv a le n t  to  40% o f  th e  s lo p e  
o f  th e  su rro u n d  had to  be added  i n  to  c a n c e l  th e  c o n t r a s t  e f f e c t  and 
make th e  c e n t r e  b a r  a p p e a r  v e r t i c a l .  The c o n t r a s t  e f f e c t  had a s im i la r  
s t r e n g t h  when th e  s u r f a c e  was s p e c i f i e d  s t e r e o s c o p i c a l l y .
v ) A n is o t r o p ie s  i n  d e p th  p r o c e s s in g
One ty p e  o f  d e p th  c o n t r a s t  e f f e c t  was found to  be o f p a r t i c u l a r  
i n t e r e s t .  T h is  was based  on th e  w ell-know n C r a ik -O 'B r ie n -C o rn s e e t  
i l l u s i o n  w hich h as  been  s tu d i e d  i n  th e  lum inance  dom ain. In  th e  d e p th  
dom ain th e  C ornsw eet i l l u s i o n  can  be o b se rv e d  when two a re a s  a t  e q u a l 
d e p th s  a r e  s e p a r a te d  by a s p u r - s h a p e d  change in  d e p th .  The two a re a s
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S in c e  th e  a n is o t r o p y  was p r e s e n t  fo r  d e p th  s u r f a c e s  s p e c i f i e d  by 
m o tio n  p a r a l l a x  a s  w e l l  as  f o r  s t e r e o s c o p ic  s u r f a c e s ,  i t  seems l e s s  
l i k e l y  to  be due to  th e  i n h e r e n t  a n is o t ro p y  o f th e  s te r e o s c o p ic  sy stem
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th e n  a p p e a r  to  be a t  d i f f e r e n t  d i s t a n c e s  from th e  o b s e r v e r .  I t  was 
fo u n d  t h a t  t h e r e  was a  l a r g e  a n is o t r o p y  in  th e  e x te n t  o f  t h i s  i l l u s o r y  
d e p th  d i f f e r e n c e .  When o b s e rv e r s  v iew ed a C o rn sw ee t-sh ap ed  s u r f a c e  
w here th e  c e n t r e  edge was o r i e n t e d  h o r i z o n t a l l y  t h e r e  was l i t t l e  o r  no |
i l l u s i o n ,  b u t  when th e y  v iew ed  a  C o rn sw ee t-sh ap ed  s u r f a c e  w ith  th e  edge 
o r i e n t e d  v e r t i c a l l y  t h e r e  was a  l a r g e  i l l u s i o n ,  w ith  th e  two f la n k s  o f 
th e  s u r f a c e  a p p e a r in g  to  l i e  a t  v e ry  d i f f e r e n t  d e p th s .
S in c e  th e  C ornsw eet i l l u s i o n  i s  th o u g h t to  a r i s e  from  s e n s i t i v i t y  4
d i f f e r e n c e s  to  th e  d i f f e r e n t  com ponent r a t e s  o f change in  th e  s u r f a c e ,  
i t  was p r e d i c te d  t h a t  t h e r e  sh o u ld  a ls o  be an  a n is o t ro p y  i n  th e  
s e n s i t i v i t y  f u n c t io n s  f o r  d e t e c t i n g  h o r iz o n t a l ly  and v e r t i c a l l y  
o r i e n t e d  s in u s o id a l  c o r r u g a t i o n s .  I t  was found t h a t  s e n s i t i v i t y  to  
v e r t i c a l l y  o r i e n t e d  c o r r u g a t io n s  was much p o o re r  a t  low s p a t i a l  
f r e q u e n c ie s  th a n  s e n s i t i v i t y  to  h o r i z o n t a l l y  o r ie n te d  c o r r u g a t io n s .  At 
h ig h e r  s p a t i a l  f r e q u e n c ie s  t h e r e  was e i t h e r  no d i f f e r e n c e  i n  
h o r i z o n t a l - v e r t i c a l  s e n s i t i v i t y ,  o r  s e n s i t i v i t y  was s l i g h t l y  b e t t e r  f o r  
v e r t i c a l l y  o r i e n t e d  c o r r u g a t i o n s .  T hese d i f f e r e n c e s  i n  h o r i z o n t a l -  
v e r t i c a l  s e n s i t i v i t y  w ere a l s o  p r e s e n t  f o r  d e p th  s u r f a c e s  w hich w ere 
c o n s id e r a b ly  above t h r e s h o ld .  A m atch in g  t a s k  was used  w here 
v e r t i c a l l y  o r ie n te d  d e p th  c o r r u g a t io n s  w ere m atched i n  peak  to  t ro u g h  
d e p th  w ith  h o r i z o n t a l l y  o r i e n t e d  c o r r u g a t io n s .  I t  was found t h a t ,  a t  
low  s p a t i a l  c o r r u g a t io n  f r e q u e n c ie s ,  when th e  peak  to  t ro u g h  d e p th  was 
p e rc e iv e d  to  be e q u a l ,  th e  p h y s ic a l  d e p th  o f th e  v e r t i c a l  c o r r u g a t io n  
had  to  be much l a r g e r  th a n  th e  d e p th  o f  th e  h o r iz o n t a l  c o r r u g a t io n .
(w hich e x t r a c t s  o n ly  h o r iz o n t a l  d i s p a r i t i e s ) .  I t  was s u g g e s te d  t h a t  
th e  a n is o t r o p y  m ig h t r e f l e c t  a sym m etrie s  i n  th e  s p a t i a l  o r g a n i s a t i o n  o f 
d e p th  p r o c e s s in g  m echanism s w i th in  b o th  th e  s te r e o s c o p ic  and p a r a l l a x  
d e p th  s y s te m s . T h is  asym m etry m ig h t be r e l a t e d  to  th e  o r i e n t a t i o n  o f 
th e  u n d e r ly in g  r e c e p t iv e  f i e l d s  so  t h a t ,  f o r  exam ple, u n i t s  w ould have 
s m a l le r  i n h i b i t o r y  re g io n s  i n  a  v e r t i c a l  d i r e c t i o n  th a n  a  h o r i z o n t a l
d i r e c t i o n .  A l t e r n a t i v e l y ,  i t  was a rg u ed  t h a t  th e  a n is o t r o p y  c o u ld  be
due to  d i f f e r e n c e s  i n  th e  p a t t e r n i n g  o f r e l a t i v e  v e l o c i t i e s  o r  
d i s p a r i t i e s  w hich s p e c i f y  v e r t i c a l ,  as  opposed t o ,  h o r i z o n t a l  d e p th
s u r f a c e s .  I n  p a r t i c u l a r ,  th e  p r o c e s s in g  o f v e r t i c a l  d e p th  s u r f a c e s  
r e q u i r e s  p ic k in g -u p  e x p a n sio n  and c o m p ressio n  movements o v e r  l o c a l  
a r e a s  o f th e  v i s u a l  f i e l d .  To e x t r a c t  t h i s  in f o r m a t io n ,  th e  ch an g es o f |
v e lo c i ty  in  a  d i r e c t i o n  p a r a l l e l  to  th e  d i r e c t i o n  o f th e  v e l o c i t y
i t s e l f  m ust be com puted. F or h o r i z o n t a l  s u r f a c e s ,  on th e  o th e r  h a n d , 
s h e a r  t r a n s f o r m a t io n s  betw een n e ig h b o u r in g  a r e a s  m ust be p r o c e s s e d .
T hese r e q u i r e  th e  e x t r a c t i o n  o f  changes in  v e lo c i ty  i n  a  d i r e c t i o n  
o r th o g o n a l  to  th e  d i r e c t i o n  o f  th e  v e lo c i ty  i t s e l f .
v i )  I n t e r a c t i o n s  betw een  p a r a l l a x  and s t e r e o p s i s
The phenom enal im p re s s io n  o f  a  d e p th  s u r f a c e  s p e c i f i e d  by m o tio n  
p a r a l l a x  in fo r m a t io n  i s  v e ry  s im i la r  to  t h a t  p e rc e iv e d  on v ie w in g  a 
s t e r e o s c o p ic  s u r f a c e .  As n o te d  abo v e , t h i s  s i m i l a r i t y  was a l s o
r e f l e c t e d  th ro u g h o u t th e  e x p e r im e n ta l  d a ta .  I n  th e  m ain body o f 
e x p e rim e n ts  r e p o r te d  h e r e ,  th e  two d e p th  sy stem s w ere t r e a t e d  
in d e p e n d e n tly  and c o n s id e re d  a s  s e p a r a te  p r o c e s s in g  sy s tem s w hich  i
e x t r a c t  d e p th  in fo rm a t io n  from  d i f f e r e n t  s o u rc e s .  I t  was s u g g e s te d ,  
how ever, t h a t  a t  some s ta g e  w i th in  th e  v i s u a l  sy stem  th e  two sy s te m s  
m igh t i n t e r a c t  in  some way and e x p e rim e n ts  w ere d e s ig n e d  to  i n v e s t i g a t e
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these possible interactions.
The motion parallax and stereoscopic depth processing systems were
fo u n d  to  i n t e r a c t  i n  two d i f f e r e n t  w ays. When b o th  m o tion  p a r a l l a x  and
s t e r e o p s i s  w ere p r e s e n t  i n  th e  same s t im u lu s ,  th e  p e rc e iv e d  d e p th  
r e l a t i o n s h i p s  w i th in  th e  d e p th  s u r f a c e  w ere i n  a c c o rd a n c e  w ith  th e  
s t e r e o s c o p ic  in f o r m a t io n .  How ever, th e  a v a i l a b l e  p a r a l l a x  in fo r m a t io n  
d id  in f lu e n c e  th e  p e rc e iv e d  p a th  o f  th e  d e p th  s u r f a c e  w ith  r e s p e c t  to  
th e  o b s e rv e r .  F o r ex am p le , when p a r a l l a x  and s te r e o  in fo rm a t io n  w ere 
p u t  d i r e c t l y  i n to  c o n f l i c t ,  su ch  t h a t  one s p e c i f i e d  a d e p th  c o r r u g a t io n  
i n  one p h ase  and t h e  o th e r  s p e c i f i e d  a d e p th  c o r r u g a t io n  i n  th e
o p p o s i t e  p h a s e , th e  two s o u rc e s  o f  d e p th  in fo rm a t io n  d id  n o t  c a n c e l
e a c h  o th e r .  The s t im u lu s  was p e rc e iv e d  a s  a d e p th  c o r r u g a t io n  w ith  th e  
p h a se  s p e c i f i e d  by th e  s te r e o s c o p ic  in fo rm a t io n  and th e  s u r f a c e  was 
p e rc e iv e d  to  r o t a t e  a b o u t th e  o b s e rv e r .  T hese f in d in g s  can  be 
c h a r a c t e r i s e d  by sa y in g  t h a t  th e  v i s u a l  sy stem  seems to  u se  th e  
s t e r e o s c o p ic  in fo rm a t io n  to  s p e c i f y  th e  d e p th  s t r u c t u r e  p r e s e n t ,  and 
th e n  th e  r e l a t i v e  m o tio n  in fo rm a t io n  i s  i n t e r p r e t e d  i n  l i g h t  o f t h i s  
d e p th  s t r u c t u r e  to  d e te rm in e  th e  p a th  w hich would p ro v id e  th e  " b e s t  
f i t "  f o r  th e  a v a i l a b l e  p a t t e r n s  o f r e l a t i v e  m o tio n .
A second ty p e  o f  i n t e r a c t i o n  was a ls o  found to  o c c u r be tw een  th e  
two d e p th  sy s te m s . As m en tio n ed  a b o v e , p ro lo n g e d  v iew in g  o f  e i t h e r  a  
p a r a l l a x  o r  a  s t e r e o s c o p ic  d e p th  s u r f a c e  had been  found to  p ro d u ce  
l a r g e  n e g a t iv e  a f t e r e f f e c t s  when a f l a t  t e s t  s u r f a c e  was s u b s e q u e n t ly  
v ie w e d . I t  was found t h a t  t h i s  n e g a t iv e  d e p th  a f t e r e f f e c t  c o u ld  b ia s  
th e  i n t e r p r e t a t i o n  o f an am biguous d e p th  s u r f a c e ,  p r e s e n te d  a f t e r  
a d a p ta t i o n ,  in  f a v o u r  o f th e  p h ase  o p p o s i te  to  t h a t  o f th e  a d a p tin g  
s u r f a c e .  T h is  was t r u e  when th e  am biguous d e p th  s u r f a c e  was s p e c i f i e d
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by a different depth cue to that which specified the adapting surface.
P r i o r  a d a p ta t io n  to  a  s te r e o s c o p ic  s u r f a c e  b ia s s e d  th e  s u b se q u e n t
i n t e r p r e t a t i o n  o f  an am biguous p a r a l l a x  d e p th  s u r f a c e  a n d , c o n v e r s e ly ,
p r i o r  v iew in g  o f a  m o tio n  p a r a l l a x  s u r f a c e  b ia s s e d  th e  s u b s e q u e n t
i n t e r p r e t a t i o n  o f  an  am biguous s te r e o s c o p ic  s u r f a c e .  In  a d d i t i o n ,  i t
was found t h a t  a f t e r  v iew in g  a s t e r e o  s u r f a c e ,  th e  s u b se q u e n t m onocu la r 
a f t e r e f f e c t  c o u ld  be n u l le d  w ith  d e p th  s p e c i f i e d  by m o tio n  p a r a l l a x  
a n d , c o n v e r s e ly ,  a f t e r  a d a p tin g  to  ^ m onocu lar p a r a l l a x  s u r f a c e  t h e r e  
was a b in o c u la r  d e p th  a f t e r e f f e c t  w hich c o u ld  be n u l le d  u s in g  b in o c u la r  
d i s p a r i t i e s .  A lth o u g h  th e  s t r e n g th s  o f th e s e  c r o s s - c u e  a d a p ta t i o n  
e f f e c t s  w ere w eaker th a n  th e  same cue e f f e c t s  d e s c r ib e d  b e f o r e ,  th e y  
w ere  s t i l l  s u b s t a n t i a l .
O v e r a l l ,  th e  e x p e r im e n ta l  d a ta  show t h a t  m o tio n  p a r a l l a x  i s  an 
e f f e c t i v e  and a c c u r a te  so u rc e  o f d e p th  in fo rm a t io n  w hich s h a re s  many 
s i m i l a r i t i e s  w ith  s t e r e o p s i s .  S e n s i t i v i t y  to  p a r a l l a x  in fo r m a t io n  c a n  
be h ig h  and i s  s im i l a r  to  t h a t  f o r  b in o c u la r  d i s p a r i t y .  The l a r g e  
s u c c e s s iv e  and s im u lta n e o u s  c o n t r a s t  e f f e c t s  found f o r  b o th  sy s te m s  
s u g g e s t  t h a t  d e p th  p r o c e s s in g  in v o lv e s  e x te n d e d  s p a t i a l  i n t e r a c t i o n s  
and t h a t  in fo r m a t io n  a b o u t d e p th  change o v e r sp a ce  i s  an  im p o r ta n t  
a s p e c t  o f p r o c e s s in g .  F u r th e rm o re , th e  p r o c e s s in g  o f  d e p th  change 
seem s to  show some i n t e r e s t i n g  a n i s o t r o p i e s .  F i n a l l y ,  th e  m o tio n  
p a r a l l a x  and s t e r e o s c o p ic  d e p th  sy stem s seem to  i n t e r a c t  i n  d i f f e r e n t  
ways and in fo r m a t io n  from  th e  two s o u rc e s  may come to g e th e r  a t  some |Il e v e l  w i th in  th e  v i s u a l  sy s tem . 1
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9.2 Implications for the nature of parallax processing.
The e x p e rim e n ts  d e s c r ib e d  i n  t h i s  t h e s i s ,  have d e m o n s tra te d  t h a t  
m o tio n  p a r a l l a x  in fo r m a t io n  can  be e f f e c t i v e l y  used  by th e  human 
p e r c e iv e r .  What can  be s a id  a b o u t th e  p ro c e s s in g  u n d e r ly in g  t h i s  
a b i l i t y ?  F i r s t l y ,  how does i t  r e l a t e  to  th e  p ro c e s s in g  o f  movement 
w i th in  th e  v i s u a l  system ?
The b a s i s  f o r  m o tion  p a r a l l a x  p ro c e s s in g  m ust l i e  i n  th e  
e x t r a c t i o n  o f in fo r m a t io n  a b o u t r e t i n a l  movement. T here  h a s  been  a 
l a r g e  amount o f r e s e a r c h  i n to  how th e  v i s u a l  sy stem  e x t r a c t s  
in fo r m a t io n  ab o u t movement and two m ain  m odels have been  p ro p o sed  as  
th e  b a s i s  o f r e t i n a l  m o tio n  d e t e c t i o n .  One model assum es t h a t  m o tion  
i s  e x t r a c te d  by c o r r e l a t i n g  th e  r e s p o n s e  from  two u n i t s  a t  d i f f e r e n t  
p o in t s  i n  v i s u a l  s p a c e , w here th e  re s p o n s e  from  one u n i t  i s  s u b je c t  to  
a  tim e  d e la y  ( R e ic h a r d t ,  1961; B arlow  and L e v ic k , 1 9 6 5 ). The o th e r  
m o d e l, w hich h as  r e c e n t l y  been  f o rm a lly  d e f in e d  by M arr and U llm an 
(1 9 8 1 ) , assum es t h a t  th e  te m p o ra l  change a t  in d iv id u a l  z e ro  c r o s s in g s  
i s  th e  b a s ic  in p u t  f o r  th e  movement p r o c e s s in g  sy s tem . W hichever m odel 
i s  found to  be more a p p r o p r i a t e ,  t h e r e  i s  good e m p ir ic a l  e v id e n c e  f o r  
th e  e x is te n c e  o f v e l o c i t y - s e n s i t i v e  m echanism s b o th  p h y s io l o g i c a l ly ,  in  
th e  v i s u a l  system  o f  c a t s ,  b i r d s  and monkeys a n d , p s y c h o p h y s ic a l ly ,  i n  
th e  human v i s u a l  sy stem  (G rd s s e r  and G ro s s e r ,  1973; P a n t le  and S e k u le r ,  
1968; T o lh u rs t  e t  a l . ,  1 9 7 3 ).
The s e n s i t i v i t y  f u n c t io n s  f o r  d e p th  s u r f a c e s  s p e c i f i e d  by m o tio n  
p a r a l l a x  show t h a t  th e  sy stem  i s  h ig h ly  s e n s i t i v e  to  d e p th  m o d u la tio n  
o v e r  a  l im ite d  ran g e  o f s p a t i a l  f r e q u e n c ie s .  T h is  d e p th  s e n s i t i v i t y  
r e q u i r e s  th e  d e te c t i o n  o f v e ry  s m a ll r e l a t i v e  d is p la c e m e n ts  o v e r
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r e l a t i v e l y  l a r g e  a r e a s  o f v i s u a l  s p a c e . The v e lo c i ty  m echanism s 
u n d e r ly in g  th e  p r o c e s s in g  o f  p a r a l l a x  d e p th  m ust be o rg a n is e d  so  t h a t
su ch  in fo r m a t io n  can  e a s i l y  be e x t r a c t e d .  A p l a u s i b l e  h y p o th e s is  i s!
t h a t  th e  b a s ic  m echanism  f o r  p r o c e s s in g  m otion  p a r a l l a x  in fo rm a t io n  i s  
e x te n d e d  in  sp a ce  and e x t r a c t s  r e l a t i v e  v e l o c i t i e s  w i th in  i t s  r e c e p t iv e  
f i e l d .  I f  d i f f e r e n t  u n i t s  p ro c e s s  r e l a t i v e  m o tio n  o v e r  a  l im i t e d  ran g e  i
o f  d i f f e r e n t  s p a t i a l  e x te n t s  (b e tw een  one and t e n  d e g r e e s ) ,  a 
s e n s i t i v i t y  f u n c t io n  o f th e  o b se rv e d  shape w ould be e x p e c te d . A 
s im i l a r  o r g a n i s a t i o n  w ould a l s o  seem to  be l i k e l y  i n  th e  s t e r e o  dom ain , 
w hich  shows a s i m i l a r  s e n s i t i v i t y  f u n c t io n .  In  t h i s  c a s e ,  th e  b a s ic  
m echanism s w ould p ro c e s s  d i f f e r e n c e s  in  d i s p a r i t y ,  r a t h e r  th a n  
v e l o c i t y ,  a c ro s s  a  ra n g e  o f  s p a t i a l  e x t e n t s .
I n  th e  lum inance  dom ain , th e  s e n s i t i v i t y  f u n c t io n  a l s o  shows a low 
and h ig h  f re q u e n c y  f a l l  i n  s e n s i t i v i t y .  T h is  h a s  been e x p la in e d  in  
te rm s  o f in d e p e n d e n t c h a n n e ls  w i th in  th e  v i s u a l  sy stem  w hich a re  tu n e d  
to  d i f f e r e n t  ra n g e s  o f  s p a t i a l  f re q u e n c y . Such a  m odel has  p ro v ed  |
u s e f u l  i n  u n d e rs ta n d in g  many a s p e c t s  o f  lum inance  p r o c e s s in g .  Schumer 
and Ganz (1 9 7 9 ) have s u g g e s te d  t h a t  in d e p e n d e n t c h a n n e ls  a re  a l s o  -4
p r e s e n t  i n  th e  d i s p a r i t y  dom ain . They s u g g e s t  t h a t  m echanism s w hich 
p ic k  up d i s p a r i t y  d i f f e r e n c e s  o v e r a r e a s  o f th e  same s p a t i a l  e x te n t  a r e  
g rouped  to g e th e r  a t  a  h ig h e r  l e v e l .  T h is  r e s u l t s  i n  a  s e t  o f p h a s e -  
in d e p e n d e n t c h a n n e ls  ea ch  o f  w hich p ic k s  up d i s p a r i t y  change o v e r  a 
d i f f e r e n t  s p a t i a l  e x t e n t .  The e x p e rim e n ts  r e p o r te d  h e r e ,  how ever, 
f a i l e d  to  f in d  any e v id e n c e  o f  p h a s e - in d e p e n d e n t c h a n n e ls  r e s p o n d in g  to  
d e p th  ch a n g e , w h e th e r  th e  d e p th  was s p e c i f e d  s t e r e o s c o p i c a l l y  o r  by 
m o tio n  p a r a l l a x .  From th e  p r e s e n t  d a ta  th e n , i t  seems more l i k e l y  t h a t
th e  o b se rv e d  s e n s i t i v i t y  f u n c t io n s  a r i s e  from  a ra n g e  o f  p h a s e - s p e c i f i c
m echanism s w hich  p ic k  up r e l a t i v e ,  d i s p a r i t y ,  o r  r e l a t i v e  v e l o c i t y ,  o v e r  | |
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d i f f e r e n t  a r e a s ,  and th e s e  m echanism s a re  n o t grouped  to g e th e r  i n  th e  
form  of p h a s e - in d e p e n d e n t  c h a n n e ls .
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F u r th e r  e v id e n c e  f o r  t h i s  ty p e  o f s p a t i a l  o r g a n i s a t i o n  i s  p ro v id e d  
by th e  d e m o n s tra t io n  o f  l a r g e  s u c c e s s iv e  and s im u lta n e o u s  c o n t r a s t  4“
e f f e c t s  f o r  d e p th  s u r f a c e s  s p e c i f i e d  b o th  by p a r a l l a x  in fo rm a t io n  and 
s t e r e o s c o p i c a l l y .  C l a s s i c a l l y ,  th e  p re se n c e  o f such  e f f e c t s  w i th in  a 
s e n so ry  d im en sio n  has  been  a t t r i b u t e d  to  s p a t i a l  and te m p o ra l
i n h i b i t i o n  betw een  m echanism s w i th in  t h a t  d im e n s io n . I n  such  a m odel 
p r o c e s s in g  i s  e s s e n t i a l l y  se en  a s  b e in g  done p o in t  by p o i n t ,  and th e  
o u tp u t  o f th e  p ro c e s s in g  a t  any p o in t  i s  th en  m o d if ie d  by in p u t  from  
n e ig h b o u r in g  p o in ts  in  sp a ce  o r  t im e . As a rgued  i n  c h a p te r  5 , how ever, 
th e  e x is t e n c e  o f l a r g e  n e g a t iv e  d ep th  a f t e r e f f e c t s  i s  d i f f i c u l t  to  
e x p la in  i n  te rm s  o f  th e  a d a p ta t io n  o f in d iv id u a l  v e l o c i t y  o r d i s p a r i t y  
d e t e c t o r s .  I t  seems more p l a u s i b l e  to  a rg u e  t h a t  th e s e  a f t e r e f f e c t s  
a r i s e  from  th e  a d a p ta t io n  o f  m echanism s w hich re sp o n d  to  r e l a t i v e
d i s p a r t i e s ,  o r  v e l o c i t i e s ,  o v e r s p a c e . T his p la c e s  a  r a t h e r  d i f f e r e n t  
em phasis on th e  s p a t i a l  i n t e r a c t i o n s  d e m o n stra ted  by th e  p re s e n c e  o f 
s im u lta n e o u s  c o n t r a s t  e f f e c t s .  I t  co u ld  be t h a t  th e s e  s p a t i a l
i n t e r a c t i o n s  r e f l e c t  th e  c h a r a c t e r i s t i c s  o f th e  b a s ic  c o d in g
m echanism s, r a t h e r  th a n  a su b se q u e n t " d i s t o r t i o n " .  I n  th e  c a s e  o f 
m o tio n  p a r a l l a x ,  f o r  ex am p le , r a t h e r  th a n  th e  v e l o c i t y  a t  i n d i v i d u a l  
p o in t s  i n  v i s u a l  sp ace  b e in g  th e  p rim ary  co d in g  v a r i a b l e ,  w ith  th e s e  
v a lu e s  th e n  b e in g  m o d if ie d  by th e  v e l o c i t i e s  o f n e ig h b o u r in g  p o i n t s ,  
th e  cod ing  o f p a t t e r n s  o f v e lo c i ty  over f ix e d  s p a t i a l  a r e a s  c o u ld  be 
p r im a ry . I n  t h i s  c a se  r e l a t i v e  m otion  m ight be coded w ith o u t  any 4
e x p l i c i t  co d in g  o f i n d iv i d u a l  v e l o c i t i e s .




p h y s io lo g ic a l  f i n d i n g s .  I t  h a s  been  w e l l - e s t a b l i s h e d  p s y c h o p h y s ic a lly  
t h a t ■p e rc e iv e d  movement depends n o t j u s t  on th e  movement o f th e  e le m en t 
u n d e r  c o n s id e r a t io n  b u t  a l s o  on th e  movement o f s u rro u n d in g  e le m e n ts .
T h is  i s  o f c o u rs e  th e  phenomenon o f  in d u ce d  movement f i r s t  n o te d  by ||
D uncker (1929 ) and s tu d ie d  more r e c e n t l y  by s e v e r a l  a u th o r s  (Loom is and 
Nakayama, 1973; Tynan and S e k u le r ,  1975; se e  c h a p te r  6 ) .  R ecen t 
p h y s io lo g ic a l  work h as  p ro v id e d  e v id e n c e  t h a t  u n i t s  in  th e  v i s u a l  
sy s te m  o f p ig e o n s  and monkeys re sp o n d  b e s t  to  th e  r e l a t i v e  movement 
be tw een  a d ja c e n t  r e t i n a l  a r e a s  and s im i l a r  u n i t s  i n  th e  human v i s u a l  
sy s te m  may u n d e r ly  th e  in d u ce d  movement e f f e c t s  ( F r o s t ,  1978; F r o s t  e t  
a l . ,  1981; A llm an e t  a l . ,  1 9 8 2 ) .
Taken o v e r a l l ,  th e  d a ta  s u g g e s t  t h a t  a  p l a u s ib le  h y p o th e s is  f o r  
th e  n a tu r e  o f m o tion  p a r a l l a x  p r o c e s s in g  i s  t h a t  i t  i s  based  on u n i t s  
w i th  ex te n d e d  r e c e p t iv e  f i e l d s  w hich  d e t e c t  r e l a t i v e  m o tio n . T h is  a l s o
■ i lseem s to  be a l i k e l y  o r g a n i s a t i o n  f o r  th e  p ro c e s s in g  o f d i s p a r i t y .  I n  il
p a r t i c u l a r ,  th e  s im u lta n e o u s  c o n t r a s t  e f f e c t  i n d i c a t e  t h a t  th e  n a tu r e  
o f  th e  s p a t i a l  i n t e r a c t i o n s  in v o lv e d  can  be i n h i b i t o r y .  T h is  s u g g e s ts  
t h a t  th e  r e c e p t iv e  f i e l d s  o f  th e  d e p th  p ro c e s s in g  m echanism s have 
e x c i t a t o r y  and i n h i b i t o r y  s u b r e g io n s .  F o r exam ple, f o r  m o tio n  f
p a r a l l a x ,  th e  r e s p o n s e  o f th e  u n i t  w ould be enhanced  by movement i n  a 
s p e c i f i c  d i r e c t i o n  i n  th e  e x c i t a t o r y  r e g io n  and red u ced  by movement in  
th e  same d i r e c t i o n  in  th e  i n h i b i t o r y  r e g io n .  The i n h i b i t o r y  r e g io n  may A
su rro u n d  th e  e x c i t a t o r y  c e n t r e .  A l t e r n a t i v e l y ,  th e  u n i t s  may show a .|
d o u b le  opponency w here th e  c e n t r e  r e g io n  i s  e x c i te d  by movement i n  one 
d i r e c t i o n  and i n h i b i t e d  by movement i n  th e  o t h e r ,  w h ile  th e  s u r ro u n d in g  §
r e g io n  i s  e x c i te d  by movement i n  th e  o p p o s i te  d i r e c t i o n  and i n h i b i t e d  
by movement i n  th e  i n i t i a l  d i r e c t i o n  (F ig u re  9 .1 a ) .  The l a t t e r  f
o r g a n i s a t i o n ,  w hich i s  s im i l a r  to  t h a t  th o u g h t to  o p e ra te  i n  th e  c o lo u r
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sy s te m , has  been  s u g g e s te d  by Nakayama and T y le r  (1979 ) on th e  b a s i s  of 
t h e i r  d a ta  on th e  v i s u a l  sy stèm es s e n s i t i v i t y  to  d i f f e r e n t i a l  movement.
I%
A lthough  m o tio n  p a r a l l a x  m ust be b ased  on th e  e x t r a c t i o n  o f ,4
r e l a t i v e  m o tio n , t h a t  in fo r m a t io n ,  by i t s e l f ,  i s  i n s u f f i c i e n t  to  
s p e c i f y  th r e e - d im e n s io n a l  s t r u c t u r e .  W ith in  any l o c a l  a r e a ,  a  g iv e n  
p a t t e r n  o f r e l a t i v e  m otion  does n o t u n am biguously  s p e c i f y  th e  d e p th  
s t r u c t u r e  a t  t h a t  p o i n t ,  as shown f o r  exam p le , by th e  a m b ig u ity  
in h e r e n t  i n  th e  K in e t i c  D epth E f f e c t .  F o r m o tio n  p a r a l l a x ,  i t  h as  
t r a d i t i o n a l l y  been  assum ed th a t  t h i s  a m b ig u ity  i s  r e s o lv e d  by ta k in g  
v e s t i b u l a r  o r  k i n a e s t h e t i c  in fo rm a t io n  ab o u t head  and eye  movements 
i n t o  a c c o u n t . H ow ever, th e  e x p e rim e n ts  i n  t h i s  t h e s i s  have shown t h a t  
a c t i v e  movement o f th e  o b s e rv e r  i s  n o t n e c e s s a ry  to  p ro v id e  unam biguous 
d e p th  in f o r m a t io n ,  p ro v id e d  t h a t  th e  movement o f th e  o b je c t  c a r r y in g  
th e  r e l a t i v e  m o tio n  can  be a c c u r a te ly  d e te rm in e d . In  th e  p a s s iv e  
p a r a l l a x  s i t u a t i o n  used  h e r e ,  w here th e  p e rc e iv e d  d e p th  was 
unam biguous, th e  r e l a t i v e  movement was l in k e d  to  t h e ,  movement o f  th e  
o s c i l lo s c o p e  a c ro s s  th e  l i n e  o f  s ig h t  and th e  d i r e c t i o n  o f t r a n s l a t i o n  
o f  th e  scope  c o u ld  e a s i l y  be p e rc e iv e d  in  th e  d i m l y - l i t  room. T h is  
f in d in g  d e m o n s tra te s  t h a t  th e  d is a m b ig u a tin g  in fo r m a t io n  can  come from  
a  p u re ly  v i s u a l  s o u rc e  and does n o t r e q u i r e  a c t i v e  o b s e rv e r  m ovem ent.
The d isa m b ig u a tin g  in fo rm a t io n  m igh t a l s o  be p u r e ly  v i s u a l  i n  th e  
a c t i v e  p a r a l l a x  s i t u a t i o n  even though  v e s t i b u l a r  in fo r m a t io n  i s  a l s o  
a v a i l a b l e .  The v i s u a l  in fo rm a t io n  n e c e s s a ry  to  d isa m b ig u a te  th e  
r e l a t i v e  m o tio n  w ould need to  come from  a r e l a t i v e l y  l a r g e  a r e a  o f  th e  
v i s u a l  f i e l d .  I t  m ust s p e c i f y  w h e th er th e  r e l a t i v e  m o tio n  i s  due to  
th e  t r a n s l a t i o n  o f th e  o b s e rv e r  o r  o f th e  o b j e c t ,  a s  w e l l  a s  th e  
d i r e c t i o n  o f th e  t r a n s l a t i o n .
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A c ru d e  m echanism  f o r  t h i s  t a s k  would be one which re sp o n d ed  to  
th e  r e l a t i v e  m o tio n  o f th e  f o v e a l  a r e a  o f i n t e r e s t  w ith  r e s p e c t  to  th e  
t e s t  of th e  v i s u a l  f i e l d .  The r e l a t i v e  m otion  d e te c to r s  found  
p h y s io l o g i c a l ly ,  w hich have r e c e p t i v e  f i e l d s  su b te n d in g  tw en ty  o r  more 
d e g re e s  o f v i s u a l  a n g le ,  w ould seem to  be i d e a l l y  s u i t e d  to  t h i s  t a s k  'i
( F r o s t ,  1978; F r o s t  e t  a l . ,  1981; A llm an e t  a l . ,  1 9 82 ). I t  seem s 
l i k e l y ,  t h e r e f o r e ,  t h a t  th e s e  u n i t s  w ould be more u s e f u l  f o r  e x t r a c t i n g  
th e  e s s e n t i a l  d is a m b ig u a tin g  in fo rm a tio n  needed f o r  d e p th  
i n t e r p r e t a t i o n ,  r a t h e r  th a n  th e  f i n e  g r a in  d e ta i l e d  in fo rm a t io n  ab o u t 
l o c a l  d e p th  s t r u c t u r e .
The d e p th  e f f e c t s  w hich  w ere o b se rv e d  f o r  p a r a l l a x  d e p th  s u r f a c e s
w ere  c lo s e ly  r e l a t e d  to  th o s e  o b ta in e d  in  s tu d i e s  o f d i f f e r e n t i a l
m o tio n  r a t h e r  th a n  d e p th  s u r f a c e s  (Nakayama and T y le r ,  1 9 8 1 ). As
m en tio n ed  ab o v e , Nakayama and T y le r  s u g g e s t  t h a t  r e l a t i v e  v e lo c i ty
m echanism s w ith  a  c e n t r e - s u r r o u n d  d o u b le  opponency o r g a n i s a t io n  would
e x p la in  t h e i r  d a ta  on th e  d e te c t i o n  o f d i f f e r e n t i a l  movement. S in c e
th e  p a t t e r n s  o f r e l a t i v e  movement u sed  in  t h e i r  d i s p la y s  w ere v e ry
s i m i l a r  to  th o s e  u se d  h e re  to  i n v e s t i g a t e  p a r a l l a x 'd e p th ,  i t  i s  l i k e l y
t h a t  th e y  b o th  s t im u la te d  th e  same m echanism s. The e x t r a c t i o n  o f
m o tio n  p a r a l l a x ,  o f c o u r s e ,  r e q u i r e s  f u r t h e r  p ro c e s s in g  so  t h a t  th e
r e l a t i v e  m o tion  in fo r m a t io n  can  be unam biguously  i n t e r p r e t e d  in  te rm s
o f  r e l a t i v e  d e p th .  I t  c o u ld  be t h a t  t h i s  d isa m b ig u a tin g  in fo rm a t io n  i s
added  a t  a  l a t e r  s t a g e ,  a f t e r  th e  d i f f e r e n t i a l  movement h a s  been
p ro c e s s e d  by m echanism s w ith  th e  s u g g e s te d  s p a t i a l  o r g a n i s a t i o n .  In
t h i s  c a s e ,  th e  b a s ic  s p a t i a l  o r g a n i s a t i o n  would be a t  th e  l e v e l  o f
r e l a t i v e  movement p r o c e s s in g  r a t h e r  th a n  d e p th  p r o c e s s in g .  On th e
o th e r  hand , th e  p a r a l l a x  d e p th  e f f e c t s  a re  a l s o  s im i la r  to  th o se
. . i
o b se rv e d  i n  th e  s te r e o s c o p ic  dom ain . As a rg u ed  abo v e , i t  seems l i k e l y  '
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t h a t  d i s p a r i t y  p r o c e s s in g  m echanism s a re  o rg a n is e d  w ith  an 
e x c i t a t o r y / i n h i b i t o r y  r e c e p t i v e  f i e l d  s t r u c t u r e .  I n  t h i s  c a s e ,  th e  
c o n t r a s t  e f f e c t s  a r i s e  b e c a u se  o f  th e  r e c e p t iv e  f i e l d  o r g a n i s a t io n  a t  
th e  l e v e l  o f d e p th  i n t e r p r e t a t i o n  i t s e l f .  H ence, by a n a lo g y , m o tio n  
p a r a l l a x  p ro c e s s in g  m echanism s m ig h t a ls o  have a r e c e p t iv e  f i e l d  
s t r u c t u r e  su b se q u e n t to  th e  i n t e r p r e t a t i o n  o f  m otion  in fo rm a t io n  a s  
d e p th .  I n  e i t h e r  c a s e ,  th e  n e g a t iv e  d e p th  a f t e r e f f e c t s  w hich w ere 
found  to  o c c u r f o r  p a r a l l a x  d e p th ,  m ust a r i s e  a t  a  l e v e l  a t  o r  beyond 
t h a t  where th e  d is a m b ig u a tin g  in fo r m a t io n  h a s  been  in c o r p o r a te d  and |
t h i s  im p lie s  a  s p a t i a l  o r g a n i s a t i o n  a t  t h i s  l e v e l . P e rh a p s , t h e r e f o r e ,  xj
th e  b a s ic  ty p e  o f l o c a l  m echanism  i s  more l i k e l y  to  be coded in  te rm s
Jo f  d e p th  r a t h e r  th a n  m o tio n , a l th o u g h  th e  two a re  c l e a r l y  c lo s e l y  |Ir e l a t e d .  I f  t h i s  w ere  th e  c a s e  th e n  th e  e f f e c t s  o b se rv e d  f o r  f |
d i f f e r e n t i a l  m o tion  p a t t e r n s  m ig h t a r i s e  from  m echanism s p r im a r i ly  |
d e s ig n e d  to  e x t r a c t  d e p th  in fo r m a t io n  b u t w hich a l s o  re sp o n d , n o n - 
o p t im a l ly ,  to  d i f f e r e n t i a l  m o tio n .
I t  seem s, t h e r e f o r e ,  t h h t  a  l i k e l y  b a s i s  f o r  m o tio n  p a r a l l a x  
p r o c e s s in g  i s  a  p o p u la t io n  o f r e l a t i v e  m o tion  d e te c to r s  which p ic k  up 
r e l a t i v e  movement o v e r  d i f f e r e n t  s p a t i a l  a r e a s .  R e la t iv e  m o tio n  
d e te c to r s  w ith  v e ry  l a r g e  r e c e p t i v e  f i e l d s  w ould p ro v id e  d is a m b ig u a tin g  
in fo r m a t io n  w hich w ould a llo w  th e  l o c a l  d e p th  s t r u c t u r e ,  d e te c te d  by 
more f in e l y  tu n ed  m echan ism s, to  be d e te rm in e d  u n am biguously . The 
l a r g e r  d e te c to r s  w ould o n ly  have  to  p ro v id e  q u a l i t a t i v e  in fo r m a t io n  
a b o u t d i r e c t i o n  o f m o tio n , w h ile  th e  f i n e r  m echanism s w ould s p e c i f y  th e  
l o c a l  d e p th  s t r u c t u r e  i n  a c c u r a te  d e t a i l .
A p r i o r i ,  i t  m ig h t seem l i k e l y  t h a t  th e s e  b a s ic  p a r a l l a x  
m echanism s m ig h t hav e  a s im p le  sym m etric  c e n tr e - s u r r o u n d  o r g a n i s a t i o n
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F ig u re  9 .1 .
R e c e p tiv e  f i e l d  m odels o f b a s ic  m echanism s w hich c o u ld  p ro c e s s  r e l a t i v e  
m o tio n  and p ro v id e  th e  b a s i s  f o r  p ro c e s s in g  d e p th  from  m o tio n  p a r a l l a x ,
(a )  A s im p le  sy m m e tric a l c e n tr e - s u r ro u n d  o r g a n i s a t i o n .  I n  ( i )  th e  u n i t  woulc 
be e x c i t e d  by m ovem ent, i n  i t s  p r e f e r r e d  d i r e c t i o n ,  i n  th e  c e n t r e  o f th e  
f i e l d  and i n h i b i t e d  by movement i n  t h a t  d i r e c t i o n  i n  th e  s u rro u n d . In  ( i i ) .  
th e  u n i t  shows d o u b le -o p p o n en cy  w ith  movement i n  o p p o s i te  d i r e c t i o n s  e x c i t i i  
c e n t r e  and su rro u n d .
(b ) O r ie n te d  r e c e p t iv e  f i e l d  o r g a n i s a t i o n ;  th e  a x is  o f  e lo n g a t io n  i s  alw ays 
o r th o g o n a l  t o  th e  u n i t s  p r e f e r r e d  d i r e c t i o n  o f m o tio n . The o p tim a l s p a t i a l  ‘ 
f re q u e n c y  f o r  th e  u n i t  w ould b e  lo w er i n  th e  o r th o g o n a l  d i r e c t i o n .  'i t )  The two ty p e s  o f  m eëhanism  d e s c r ib e d  by C lo c k s in  ( s e e  c h a p te r  2)
éah  ibè r e p r e s e n te d  in  r e c p t i v e  f i e l d  form  as shown, To e x p la in  th e  a n i s ^ t r o i
' ■ ' ' '  ' • '  '
(F ig u re  9 .1 a )  w here  th e  re s p o n s e  i s  e x c i te d  by movement i n  th e  
p r e f e r r e d  d i r e c t i o n  w i th in  th e  e x c i t a t o r y  c e n t r e  and i n h i b i t e d  by 
movement i n  t h a t  d i r e c t i o n  in  th e  su rro u n d . However, t h e r e  i s  
p s y c h o p h y s ic a l  e v id e n c e  f o r  a n i s o t r o p i e s  i n  th e  p r o c e s s in g  o f  b o th  
p a r a l l a x  and s te r e o s c o p ic  in f o r m a t io n  ( c h a p te r  7 ) .  T hese f in d in g s  
s u g g e s t  t h a t  an asym m etric  o r g a n i s a t i o n  m igh t be more l i k e l y .  A s im p le  
asym m etry i n  th e  r e c e p t i v e  f i e l d  o r g a n i s a t io n  o f d e p th  d e t e c t i n g  
m echanism s w ou ld , i n  f a c t ,  e x p la in  th e  o b se rv ed  p a t t e r n s  of 
a n i s o t r o p i e s  v e ry  s im p ly . Suppose th e  r e c e p t iv e  f i e l d  was o r g a n is e d ,  
a s  shown i n  F ig u re  9 .1 b ,  w i th  th e  a x i s  o f  e lo n g a t io n  o f th e  r e c e p t i v e  
f i e l d  a lw ays o r th o g o n a l  to  th e  p r e f e r r e d  d i r e c t i o n  o f m o tio n . Then f o r  
t h i s  p a r t i c u l a r  m echanism , th e  w id th  o f th e  r e c e p t iv e  f i e l d  i n  a 
d i r e c t i o n  o r th o g o n a l  to  th e  d i r e c t i o n  o f m otion  i s  g r e a t e r  th a n  th e
w id th  in  a  d i r e c t i o n  p a r a l l e l  to  th e  d i r e c t i o n  o f m o tio n . H ence, th e
s p a t i a l  f re q u e n c y  o f d i f f e r e n t i a l  m o tio n  (o r  d e p th  g r a t i n g )  w hich  w ould 
o p t im a l ly  s t im u la te  th e  d e t e c to r  w ould be low er i n  th e  fo rm er c a s e .
T h a t i s ,  th e  o p t im a l  s p a t i a l  f re q u e n c y  re sp o n se  o f such  a  d e t e c t o r ,
w hich e x t r a c t s  th e  s p a t i a l  ' d i f f e r e n t i a l s  o f v e lo c i ty  a c ro s s  i t s  
r e c e p t iv e  f i e l d ,  would be lo w er when th e  s p a t i a l  d i f f e r e n t i a l  was 
com puted o r th o g o n a l ly  to  th e  p r e f e r r e d  d i r e c t i o n  th a n  when i t  was 
com puted p a r a l l e l .  The a n is o t r o p y  w ou ld , t h e r e f o r e ,  n o t  be l in k e d  to  
any h o r i z o n t a l / v e r t i c a l  d i f f e r e n c e s  p e r  s e ,  s in c e  r e c e p t i v e  f i e l d s  |
c o u ld  be o r ie n te d  a t  any a n g le .  The im p o r ta n t  p o in t  i s  t h a t  th e  f i e l d  
w ould a lw ays be e lo n g a te d  i n  a d i r e c t i o n  o r th o g o n a l  to  th e  d i r e c t i o n  
s e l e c t i v i t y  o f th e  u n i t .
1
A
An a l t e r n a t i v e ,  b u t r e l a t e d ,  e x p la n a t io n  i s  t h a t  d e te c to r s  do n o t 
have a  c e n tr e - s u r r o u n d  o r g a n i s a t i o n  b u t o n ly  have i n h i b i t o r y  f la n k s  on 
one o r  b o th  s i d e s .  I n  t h i s  c a s e ,  to  e x p la in  th e  a n is o t r o p y ,  th e
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p red o m in an t s i z e  o f th e  r e c e p t iv e  f i e l d s  w ould have to  be l a r g e r  when 
th e  p r e f e r r e d  d i r e c t i o n  o f movement was o r th o g o n a l  to  th e  a x is  o f  th e  
r e c e p t i v e  f i e l d  and u n i t s  w hich p ic k  up change i n  th e  same d i r e c t i o n ,  
w ould  have n a rro w e r  r e c e p t iv e  f i e l d s .  I t  i s  i n t e r e s t i n g  t h a t  
c o m p u ta tio n a l  m odels o f th e  p r o c e s s in g  o f o p t ic  f lo w  p o in t  to  th e  
n e c e s s i t y  o f com puting  s p a t i a l  v e lo c i ty  d i f f e r e n t i a l s  i n  two o r th o g o n a l  
d i r e c t i o n s .  O rie n te d  r e c e p t iv e  f i e l d s  o f  th e  ty p e  j u s t  d e s c r ib e d ,  in  
w hich  th e  d i r e c t i o n  s e n s i t i v i t y  i s  e i t h e r  o r th o g o n a l  o r  p a r a l l e l  to  th e  
a x i s 'o f  th e  r é c e p t i v e  f i e l d ,  w ould be a b le  to  p e rfo rm  th e  a p p o p r ia te  
c o m p u ta tio n . / Such u n i t s  w ould i n  f a c t  be v e ry  s im i l a r  to  th e  
h y p o th e t i c a l  m echanism s s u g g e s te d  by C lo c k s in 's  c o m p u ta tio n a l m odel 
w h ich  was d e s c r ib e d  in  c h a p te r  2 ( s e e  F ig u re  9 .1 c ) .
S in ce  th e  p a r a l l a x  and s te r e o s c o p ic  d e p th  sy stem s have been  shown 
to  s h a re  many e m p i r ic a l  c h a r a c t e r i s t i c s ,  i t  h as  been  s u g g e s te d  
th ro u g h o u t t h a t  m echanism s w i th in  th e  s te r e o s c o p ic  sy stem  m ig h t have  a 
r e c e p t i v e  f i e l d  o r g a n i s a t i o n  s im i la r  to  t h a t  o u t l in e d  f o r  p a r a l l a x .  
The a n i s o t r o p i e s  w hich w ere found f o r  s te r e o s c o p ic  s u r f a c e s  s u g g e s t  
t h a t  m echanism s w hich  e x t r a c t  r e l a t i v e  d i s p a r i t y  have l a r g e r  i n h i b i t o r y  
r e g io n s  f o r  e x t r a c t i n g  change in  d i s p a r i t y  i n  a  d i r e c t i o n  o r th o g o n a l  to  
th e  d i s p a r i t y  i t s e l f  (w hich  i s  alw ays h o r i z o n t a l ) ,  th a n  f o r  e x t r a c t i n g  
change i n  d i s p a r i t y  a lo n g  th e  h o r i z o n t a l .  The m odels i l l u s t r a t e d  i n  
F ig u re  9 .1  c o u ld  t h e r e f o r e  a p p ly  to  d i s p a r i t y  p r o c e s s in g  a s  w e l l  a s  th e  
p r o c e s s in g  o f m ovem ent.
The s p a t i a l  o r g a n i s a t io n  t h a t  has  been  p ro p o sed  a s  a  b a s i s  f o r  th e  
p r o c e s s in g  o f p a r a l l a x  d e p th , com putes th e  shape  o f  th r e e - d im e n s io n a l  
s u r f a c e s  i n  te rm s  o f th e  s lo p e  over l o c a l  a r e a s  o f th e  s u r f a c e .  T h a t 
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th e  th r e e -d im e n s io n a l  form  o f a  s p e c i f i c  a r e a ,  r a t h e r  th a n  w ith  th e  
a b s o lu te  d e p th s  o r  d i s t a n c e s  o f i n d iv i d u a l  p o i n t s .  R ecen t t h e o r i e s  o f 
s te r e o s c o p ic  v i s i o n  have  c o n c e n t ra te d  on e x p la in in g  how th e  v i s u a l  
sy s tem  can  com pute th e  d i s p a r i t i e s  o f d i f f e r e n t  p o in ts  o f  th e  image to  
p ro v id e  a  " d e p th  map” o f th e  im age . They have te n d e d  to  ig n o re  th e  %
prob lem  o f how th e  d e p th  s t r u c t u r e  o r form  o f a  th r e e -d im e n s io n a l
s u r f a c e  i s  p r o c e s s e d . I t  i s  o f c o u rs e  p o s s ib le  t h a t  th e  c o m p u ta tio n  o f
r e l a t i v e  d i s p a r i t y  o v e r  sp ace  fo llo w s  th e  p ro c e s s in g  o f th e  d i s p a r i t i e s  
o f  in d iv id u a l  p o i n t s .  How ever, i t  c o u ld  a l s o  be th e  c a se  t h a t  th e
p ro c e s s in g  o f r e l a t i v e  d i s p a r i t y  i s  th e  p rim a ry  co d in g  v a r i a b l e  o f  th e  
s te r e o s c o p ic  p r o c e s s .  T h a t i s ,  th e  d i s p a r i t y  of i n d iv id u a l  p o in ts  in  
th e  v i s u a l  f i e l d  may n o t  be e x p l i c i t l y  coded i n  i t s e l f .  The e m p i r ic a l  
d a ta  c o l l e c t e d  h e r e ,  show t h a t  th e  s p a t i a l  a rra n g e m e n t o f d e p th  
s u r f a c e s  i s  im p o r ta n t  f o r  s te r e o s c o p ic  v i s i o n  and has im p l ic a t io n s  f o r  
th e  n a tu re  o f th e  u n d e r ly in g  p r o c e s s e s .  I t  seems th a t  p r e s e n t  t h e o r i e s  
o f  th e  s t e r e o s c o p ic  p ro c e s s  a re  a t  b e s t  in c o m p le te , s in c e  th e y  do n o t 
a d e q u a te ly  c o n s id e r  th e  e x t r a c t i o n  o f  th re e -d im e n s io n a l  fo rm , and a t  
w o rs t  m is g u id e d , i f  s te r e o s c o p ic  in fo rm a t io n  i s  based  on th e  p a t t e r n s  
o f  d i s p a r i t y  o v e r  l o c a l  a r e a s ,  r a t h e r  th a n  th e  d i s p a r i t i e s  o f 
in d iv id u a l  p o i n t s .
One f i n a l  q u e s t io n  i s  w h e th e r  m otion  p a r a l l a x  and s t e r e o p s i s  a re  
e s s e n t i a l l y  in d e p e n d e n t d e p th  p ro c e s s in g  m echanism s o r  w h e th e r  th e y  
come to g e th e r  a t  some l e v e l  o f p r o c e s s in g .  S in ce  th e  two sy stem s u se  
v e ry  d i f f e r e n t  s o u rc e s  o f in f o r m a t io n ,  r e l a t i v e  v e lo c i ty  in  th e  one 
c a se  and d i s p a r i t y  in  th e  o t h e r ,  th e y  m ust be in d e p e n d e n t in  t h e i r  
i n i t i a l  p r o c e s s in g  s t a g e s .  How ever, even  a t  t h i s  l e v e l  th e  ty p e s  o f 
m echanism s w hich e x t r a c t  th e  r e l a t i v e  m o tio n  o r  d i s p a r i t y  in fo r m a t io n  j






M o reo v er, th e r e  I s  e v id e n c e  t h a t  d e p th  in fo rm a t io n  from  th e  two sy stem s 
i n t e r a c t s  a t  two d i f f e r e n t  l e v e l s .  F i r s t l y ,  s te r e o s c o p ic  in fo rm a t io n  
a p p e a rs  to  in f lu e n c e  th e  p r o c e s s in g  o f p a r a l l a x  in fo r m a t io n  a t  an e a r l y  
s t a g e ,  and d e te rm in e s  w h e th e r  th e  r e l a t i v e  m otion  i s  i n t e r p r e t e d  a s  
d e p th  o r  a s  o b j e c t  m ovem ent. The i n t e r a c t i o n  a t  t h i s  l e v e l  shows no 
q u a n t i t a t i v e  c o m b in a tio n  o f d e p th  from  th e  two s o u r c e s .  I t  was a l s o  S
fo u n d , how ever, t h a t  in fo r m a t io n  from  b o th  d e p th  s o u rc e s  c o u ld  i n t e r a c t  
q u a n t i t a t i v e l y  i n  some c o n d i t io n s .  For exam ple, d e p th  a f t e r e f f e c t s  
c o u ld  be n u l le d  w ith  d e p th  s p e c i f i e d  by th e  o th e r  d e p th  c u e . I t  seems 
p o s s i b l e ,  t h e r e f o r e ,  t h a t  th e  two sy stem s come t o g e t h e r ,  p e rh a p s  in  th e  
form  o f a  g e n e ra l  d e p th  m echanism , a t  a  h ig h e r  l e v e l .
I n  summary, th e  work i n  t h i s  t h e s i s  has p ro v id e d  some i n i t i a l  
e m p i r ic a l  d a ta  on th e  p r o c e s s in g  o f m otion  p a r a l l a x  in fo r m a t io n  by th e  
human v i s u a l  sy s te m . M otion  p a r a l l a x  has been shown to  be an e f f e c t i v e  
s o u rc e  o f d e p th  in f o r m a t io n  and to  s h a re  s i m i l a r i t i e s  w ith  s t e r e o p s i s .
The p o s s i b i l t y  o f  e x te n s i v e l y  s tu d y in g  a  d e p th  cue o th e r  th a n  
s t e r e o p s i s ,  h a s  p ro v id e d  i n s i g h t  i n to  th e  g e n e ra l  n a tu r e  o f  d e p th  
p r o c e s s in g  a s  w e l l  a s  th e  m echanism s s p e c i f i c  to  m o tio n  p a r a l l a x .  In  
p a r t i c u l a r ,  th e  s tu d y  o f m o tio n  p a r a l l a x  has h ig h l ig h te d  th e  im p o rta n c e  
o f  p r o c e s s in g  d e p th  s t r u c t u r e  over space  and s u g g e s te d  t h a t  d e p th  
p r o c e s s in g  i n  g e n e r a l  m igh t be p r im a r i ly  co n cern ed  w ith  e x t r a c t i n g  
in fo r m a t io n  a b o u t th e  l o c a l  s t r u c t u r e  o f d e p th  s u r f a c e s .  The 
i n v e s t i g a t i o n  o f how we p e r c e iv e  d e p th  s u r f a c e s  would seem to  p ro v id e  
th e  m ost f r u i t f u l  a r e a  f o r  f u tu r e  e m p ir ic a l  and t h e o r e t i c a l  work in  th e  
a r e a  o f d e p th  p e r c e p t io n .
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